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CHAPI'ER I 
INTRODUCTION 
The liquid-liquid extraction system involving water. a transition-
metal perchlorate salt and a partially miscible monohydroxyl alcohol is 
a system of two phases in which water is the primary solvating agent ef 
the salt. An example is the extraction of cobalt and nickel perchlor-
ates by 2-octanol (35). The solvatiori is more complete when the anion 
has very little tendency to associate with the cation. Thus the per-
ehlorates are better extracted than the chlorides (31,33,35). probably 
because chloride ions may displace the solvating molecules from the 
first coordinate sphere around the metal. This is shown by the thousarrl-
fold better extraction of zinc chlori~e by 2-octanol compared with that 
\ 
of cadmium chloride (36), the latter showing much higher association 
between cation and anion. 
The study reported here includes the measurement of the coneentra-
tion dependence of the distribution coefficients of copper, nickel, and 
cobalt perchlorates at small concentrations and calorimetric measuremen"ts 
of the enthalpies of transfe·r of the metal salts from aqueous phases to 
the equilibrium 1-butanol phases. This was also accompanied by a study 
of the electrical conductance and the viscosity of the solutions in both 
equilibrium phases. 
It is the objective of this study to obtain additional information 
about ion-solvent interactions which would lead, hopefully, to a useful 
1 
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structural model that would permit a better understanding of the extrac-
tion phenomena. 
CHAPI'ER II 
LITERATURE SURVEY 
Properties arxi Structures of Solvents - The ability of water to act 
as the "universal" solvent has been ascribed to its dipole character. 
Spectroscopic studies of the isolated water molecule in the gaseous 
0 
state (32) have established that the H..0-H bond angle is 105, and the 
0 
0-H internuclear distance 0.'97 A. The isolated molecule has a dipole 
moment of 1.87x10-18 e.so'u.· acting along the bisector of the H-0-H angle 
with the negative end towards the oxygen nucleus. This dipole moment 
was co~idered by Bernal and Fowler (9) to arise from an effective 
0 
charge of -e situated 0.15 A from the oxygen nucleus, with +o.5e at each 
hydrogen nucleus. A more elaborate model, due to VeI"Wey (50), in which 
the tripolar charge distribution of Bernal and Fowler is replaced by a 
quadrapole arrangement, has led to a very satisfactory prediction of the 
lattice energy of the ice crystal. 
The distinctive structural features of liquid water (46) generally 
have been ascribed to its partial retention of the tetrahedrally 
directed hydrogen-borxiing involved in the crystalline structqre of ice; 
Not only are the orientations of the water molecules far from random, 
but tne molecules oscillate torsionally with rather small amplitudes 
instead of rotating freely. 
The above view of water structure is supported strongly by the 
results of X-ray scattering experiments and of studies of the infrared 
3 
and Raman absorption spectra (27), which indicate that a considerable 
degree of short-range order and the low coordination characteristic of 
the tetrahedrally-bonded structure persist in the liquid. Thus, X-ray 
scattering studies indicate that the average number of nearest-neigh-
bours is 4;4 to 4.6 (probably fluctuating between 4 and 6) and that the 
0 
average distance between centers is 2."92 A. The radius of water mole-
o 
cule is 1.J6 A according to Gurney (21). A high concentration of mole-
cules also is found at 4.?5 ~ to 4.90 i, which is roughly the expected 
.1. 
distance (the length of the tetrahedral edge, i.e., 2.92x(8/3)2) for 
the next-nearest neighbours if the molecules tend to have a tetrahedral 
arrangement as in ice. 
Therefore, liquid water may be regarded as having a rather loose 
tetrahedrally-bonded ice structure. Due to thermal agitation, the 
structure is continously broken and formed. The association of water 
molecules persists, though temporarily, long enough in comparison with 
the time of X-ray or infrared radiation interactions. 
The structure of liquid alcohols has been reviewed recently by 
Frands and Ives (18). Contrary to expectation; all evidence shows that 
no more than two (~xpected number is 3) hydrogen-bonds are formed for 
each oxygen of an alcohol molecule. Each oxygen acts once as proton 
donor and one~ as proton acceptor. This apparent limitation to equality 
of "give-and-take" may be attributed to the essentially co-operative 
nature of hydrogen bonding; together wi·:..n the unfavorable steric effect 
of the organic group, it restricts the degree of order which can be 
established in the liquid state, and precludes the kind of three-
dimensional association which is dominant in water. X-ray radial dis~ 
tribution curves indicate that, instead, linear polymers of the kind 
5 
shown in the following figure a:re f'o:rmed; in. the ease of' the higher 
Figure io HydrogenQBonded Cha.in Association of Alcohols 
normal alcohols, these may tend to associate non-randomly together• 
preferred positions for the oxygen atoms lying in planes perpendicular 
to the parallel hydrocarbon chains {43)~ 
Normally, however, association in liquid alcohols seems to be of a 
kind to which the formal thermodynamic treatment of the "ideal associat-
ed solution" applies (44), and is well described in terms of equilibria. 
between polymeric spscieso 'rhese are usually considered to be fragments 
of the polymeric chains which, though unlimited in length in the erys-
talline state, do not, in the liquid, exceed a complexity of 5-7 mole-
euleso They may be less for sterically hindered alooholso 
After studying the thermodyriamic excess functions of a series of 
alcohol=water mixtures Franks and Ives (18) concluded that in the low 
alcohol mole=fra.c:tion r,egion, the mixture is essentially an aqueous 
solution: one in which a. resistance to depolymerisation and a preser1ra ... 
tion of structure is based upon the t.hree=<iimensional eooperatiire 
hydrogen bonding so fundamental to the nature of liquid water., This 
means that water is able to a.et as host to molecules which, although 
alien, have a certain affinity for ·waterq With increasingly extensive 
invasion by the foreign sp\':loies 9 however, rather sudden tffeooperative 
failu:ren of structure retention is to be expec:tedo 
Ionic Solvation = The problem of solvation has always been one of 
the most important and fundamental aspects of the chemistry of aqueous 
solutions; From solubility data, Frank and Evans (17) found that non-
6 
polar gases are more structure-forming in water than in other non-polar 
solvents. They described this by saying that "the water builds a micro-
scopic iceberg round the non-polar molecule". Aqueous ionic solutions 
present a much more complicated picture. Frank an:i Evans (17) found 
that the entropy of solution of monatomic ions in water can be repre• 
sented by the following equation 
~ = 22 z2/(ri + 2.8), (2.1) 
where Z is the valency and ri is the radius of the bare ion in i, to 
0 
which 2.8A is added to allow for the first rigidly-held layer of water 
molecules. For mono-valent monatomic ions they have defined a quantity 
called the •structure-breaking entropy', ~sst. All that this amounts t~ 
qualitatively, is that beyond the first layer of water molecules, which 
are frozen-in by the ions, there is a region where the water structure 
is broken down; it is pointed out that this could arise from the manner 
in which the first layer of water molecules is arranged. Around a 
positive ion the water molecules w.ould be oriented with all the hydro .. 
gens outwards; they could not, therefore, all participate in the normal 
tetrahedral water arrangement, for this arrangement would require two 
of the water molecules to be oriente« with the hydrogens inwards. For 
polyvalent monatomic ions such as Al+++, the entropy loss is much grea-
ter than that for monvalent ions; part of this increase is ascribed to 
an extension of the 'frozen• region to layers beyond the first. For 
'structure breaking' salts the water lattice becomes increasingly random 
with increasing concentration (16,45). In general, the nature of the 
7 
salt on the solvent structure may be studied using viscosity data (46). 
For calculating thermodynamic properties of ionic solutions, Born' s 
equation (46) provides the simplest mathematical treatment. Aeeording 
to Born, the free energy change of transferring a gaseous ion of radius 
rand valence Z from vacuum to a large volume of structureless solvent 
is given by 
o 2 2 I I AG = -JiZ e (1-1 D) 2r, (2.2) 
where?\, is the Avogadro number, and D the dielectric constant of the 
solvento The theory assumes the following: 
(1) The ion is a sphere with radius rand with charge Ze uniformly 
distributed over its surface, and 
(2) The ion is immersed in a continuous medium with dielectric 
constant Do 
For -one mole of a salt furnishing \l. , v~ . o • moles of ions of 
charge·s Z.,.e, ~e ••• and of radii roe.., r~ ••• the Born's equation becomes 
.. (2.3) 
The corresponding enthalpy change . .and entropy change can be obtained by 
applying thermodynamic relations to the Born's equation. 
In many cases, results predicted from the above equations are 
inconsistent with experiment (2,19,24,26). The general explanations 
offered are: 
(1) The spherical model is not adequate : 
(2) It is not permissible to neglect all forces other than the 
electrostatic forces round the ion. This is shown by Lannung's 
experiments (30). 
(3) Born's theory ignores any dependence on the sign of the charge 
on the ion. 
8 
(4) In the derivation of Born's equation no consideration is given 
to the order-producing, order-destroying nature of ions on the 
solvento 
(5) Born's theory ignores the electrostriction and the dielectric 
saturation effects near an ion. 
(6) The effective radius of an ion depends on the nature of solvent. 
(7) Bjerrum-type of ion association can and does occur at finite 
concentrations. 
The basic Born equation can be extended to calculate thermodynamic 
functions for the transfer of a completely ionized electrolyte from one 
solvent to another. From an alternative point of view, Gladden and Fan-
ning (19) have considered the process of transfer of a salt from one 
medium to another as follows: 
Salt (aqueous solution)~Salt (ideal water solution)~ 
Salt (ideal non-aqueous solution) ~Salt (non-aqueous solution). 
If the free energy change for each step could be found, then upon adding 
the terms, there would result 
where f1, f2 are the activity coefficients of the salt in the nonaqueous 
solµtion and in the aqueous solution, respectively. In equation (2.4) 
AGt is the value of AGt at infinite dilution of the salt. The activity 
coefficients ca...n be calculated in terms of Debye-HUckel Theory provided 
the solutions are sufficiently dilute. When this is done, the resulting 
equation becomes the "limiting law" for the transfer process. However, 
-this "limiting law" is not· satisfactory because of failure to take into 
explicit account f~ctors quite similar to those that cause deviations 
from Born's equationo Thus f>.Gt must be estimated theorectically in a 
9 
mnner similar to the Born's equation. 
It should be noted that both of the approaches discussed above are 
based on idealized models and, therefore, do not depend in any way on 
the detailed structure of electrolytic solutions. Indeed, their inade-
quacy signifies the importance of this aspect. In order to gain an 
understanding of the microscopic structure of electrolyte solutions, 
two essential questions have to be answered: (1) how many solvent mole-
cules can be considered to be bound to a ion - i.e., the solvation num-
ber and (2) how are they bound? 
Bernal and Fowler were among those who have pioneered in this 
field. Along with early studies on the structure of water, they also 
studied the structure of ionic solutions, both experimentally and theo-
retically (9)o Their theory assumes (1) a continuous solvent medium 
beyond the region about the ions, (2) all forces and energies involved 
are electrostatic in nature, (3) their own model for the structure of 
water, and (4) ion-solvent orientation models such as shown in Figure 2. 
For cation For anion 
Figure 2o Ion-solvent Orientation Models 
According to Bernal and Fowler, the general features of ion-solvent 
interaction depend mainly on the size of ions. Therefore, ions of 
similar sizes would have similar hydration numbers,and similar heats of 
solvation. This is, of course, not even approximately true (2). 
M.any studies of hydration numbers ccan be found in literature; 
10 
However, results from different authors in many cases do not agree with 
one another (4,5). This causes one to conclude that different types of 
experiments measure the numbers of different types of solvation water 
molecules o't 
Frank and Evans (17), from a re-analysis of the entropy of hydra-
tion, have developed a fundamental classification of solvation water. 
These authors claimed that a spherical ion is surrounded by three con-
centric regions which are: 
(1) the region of immobilized water molecules, 
(2) the water structure-breaking region, 
(3) the structurally 'nprm.al' water region. 
Quite recently, Azzaro has developed another possible classification 
(3,4,5) which bears some similarity to that of Frank and Evans. His 
definition of the different types of solvation is given as follows: 
(1) Permanent Solvation - This term refers to solvent molecules 
which are firmly associated with the ion through the formation 
chemical bonds, e.g., co-ordinated water of crystallization.' 
(2) Primary Solvation - This term refers to solvent molecules which 
are firmly associated with the ion by electrostatic attraction. 
They have lost their translational degree of freedom and move 
as one entity with the ion during its Brownian motion~ 
(3) Secondary Solvation - This term refers to solvent molecules 
which undergo electrostatic attraction to the primary solvated 
ions. These molecules are much more weakly held, but the 
electrostatic attraction predominates over the separating 
action of thermal motion sufficiently to affect solvation-
dependent quantities, e.g., salting-out. 
11 
• 
(4) Hydrodynamical Solvation - This term refers to solvent mole-
cules which could be transferred hydrodynamically as the 
hydrated ion moves under the influence of an applied electro-
static field. This effect is mainly due to transfer of momen-
tum between the solvated ion and the solvent molecules. 
These different types of solvation play parts of different order 
of degree in the various experimental phenomena depending on specific 
factors (11). For example the first type of solvation is not relevant 
with the alkali and halide ions (4). However the number of solvent 
molecules in both the permanent and the primary solvation sheaths have 
definite values, while the number of solvent molecules in the secondary 
solvation sheath have variable values depending on the phenomena ob-
servedo Hydrodynamical solvation is relevant only in dynamic experi-
ments such ~sin measurements of transport number. 
Based on a Boltzman-type statistical-mechanical analysis and sol-
vation models shown as follows 
Cation Anion 
~igure J. Orientation of Water Molecules near an Ion 
Azzam (4,5,8) has calculated the maximum solvation numbers (excluding 
hydrodynamical solvation) of a series of monovalent and bivalent mon-
atomic ions in water. Some of his results are listed in the following 
table: 
TABIE I 
CALCULATED SOLVATION NUMBER OF IONS 
Ion Li+ Na+ Cl- r Co+2 Ni+2 eu+2 
Solvation 
Number 29 21 11 6 59 61 60 
Following the same statistical-mechanical method of analysis, 
Azzaro has applied his theory to the calculation of heats of solution 
(6,?)o Briefly speaking, his heat of solution is the sum of the heats 
12 
of interaction of an ion with its four concentric regions of water mole-
cules. He has taken into account the effects of dielectric saturation 
and electrostrition by using Webb's theory in his calculations (51). 
When his calculated ionic values are added up for the corresponding 
salts .and compared with the most reliable experimental results, good 
agreement has been found; 
Quite recently, Noyes (40) has investigated the dielectric satu-
ration effect in the vicinity of ions. Effective dielectric constants 
are given. His semi-empirical thermodynamic calculations lead to the 
free energi~s, enthalpies, and entropies of hydration of gaseous ions 
which are tabulated by Harvey and Porter (23). More recently, Noyes 
(41) has included the effects of surface free energy, but this has 
rather little influence on his previous values of ionic contributions to 
entropy and enthalpy"o 
For comparison, the enthalpies of hydration of some gaseous bi-
valent cations are tabulated in the foll owing table. These values are 
those calculated by Azzaro(?), Noyes (23), and other earli er workers 
(through reference?). 
TABIE II 
ENTHALPIES OF HYDRATION OF GASEOUS BIVAIENT CATIONS 
Ion Noyes Azzam Evans Latimer GuaGliano 
zn+2 530 524 485 485 491 
co+2 505 506 488 
-
497 
Ni+2 520 519 499 
-
507 
cu+2 516 524 526 499 507 
Fe+2 463 497 485 
-
468 
Mn+2 455 476 438 438 445 
ca+2 395 385 428 
-
395 
sr+2 354 356 381 
-
355 
Ba+z 326 321 347 
-
305 
(in unit of minus Kcal per mole) 
Ion Association - Bjerrum type ion-association (or ion-pair for-
mation) has been accepted as an important factor causing deviations 
from both the Debye-Httckel and the Born theories at finite concentra-
tions. In contrast to Debye and Httckel, who assumed ions in solution 
to be completely free of each other, Bjerrum (10) proposed that when 
ions of opposite sign get sufficiently close together within a certain 
critical distance of separation, they would be bound together by their 
mutual electrostatic forces, losing their thermodynamic independence, 
and the ion-pairs formed would be in equilibrium with the rest of the 
ions in solution. According to this theory, higher ionic charges and 
smaller dielectric constants will favor ion-association. 
The terms 'ion-pair' and 'complex' have been used by different 
13 
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workers to distinguish between different types of association, and some-
times with different meanings. A distinction proposed by Smithson and 
Willia.ms (48) is that the former involves solvent interposed between 
the ions, ~+(H20)xm-, as distinct from MX(n-m)+. For transition metals 
they suggest that ion-pair formation, unlike complex formation, will be 
expected to have very little effect on the low intensity absorption 
bands in the visible spectrumo Such bands are due to forbidden d-d 
transitions, the wavelength depending upon the separation of the d-
states which in turn is a function of the degree of polarization of the 
cation by the associating anion as well as the symmetry of the polari-
zing field.;' Ion-pair formation will be expected to have very little 
effect on the d-d splitting because of the large separation of Mn+ and 
The thermodynamics of ion-association in aqueous solutions has 
been reviewed recently by Nancollas (39). Extensive treatments of ion-
association in general can be found in Davies book (13)~ Based on many 
experimental evidences, Nancollas (39) has pointed out that, in most 
cases where ion-pair formation between cations and anions results in a 
reduction in the number of ions in solution and·a partial neutralization 
of charge, there is an entropy change favoring ion-pair formationo 
Frank and Evans (17) have suggested, however, that the ions in solution 
order water molecules around them to form an 'ice-berge structure and 
the decreased orientation of solvent molecules leads to a positive 
entropy change. Nevertheless, this is not always the case, for one 
also must take into account~ with polyatomic ions, the loss in confi-
gurational and rotational ~ntropy which accompanies the association 
(29)a Entropy of ion-association can be calculated in several ways 
15 
(12PJ9)o A method which has been adopted by Austin~!! (12) for cal-
culating the entropy changes for the formation of ion-pairs Cd.Clt Cd.Br+, 
+ PbCl, etco, from original free ions in water has lead to agreement with 
experimental data that is all that can be expected. 
The degree of ion-association of an electrolyte is best measured by 
the conductance method. With symmetrical electrolytes the problem is 
relatively simpleo However, this is by no means true when one is deal-
ing with unsymmetrical electrolytes. A simple thoug~ semiempirical 
method has been described by Monk (34). - Measured conductance of an 
unsymmetric electrolyte is compared with Onsager's limiting equation 
(46) and the decrease of electrical conductance is ascribed to the 
association of a metal ion with an anion (assumed to be the case in 
dilute solutions), assuming that the limiting conductance of the ion-
pair to be. about Oo40 of that of the metal ion. This method is cer= 
tainly not valid in any case except that of extreme dilution. For, as 
the concentration electrolyte increases, the limiting equation is no 
longer theoretically applicableo Quite recently (1957), this limiting 
equation has been extended by Onsager and Fuoss (1J,46) to provide a 
conductance equation accurate to within experimental error over a range 
of finite concentrations. Unfortunately this new theory is applicable 
only to symmetrical electrolytes. Unsymmetrical electrolytes are not 
included in the treatment, partly because the underlying theory is less 
exact for these electrolytes and partly because the numerical calcu-
lations become impracticably tedious. This is discouraging. However, 
it is still possible to make use of an empirical equation derived many 
years ago by Davies and Righellato (1J) for uni-bivalent salts. Instead 
of using the Onsager limiting law these authors compare the conductance 
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of some partially dissociat?-l'lg electrolytes with that of comparatively 
stronger electrolytes. Although relatively simple, the method has been 
used extensively by Davies and his students to estimate the degree of 
dissociation of ion-pairs from limiting ionic conductances. 
Liguid-Liguid Extraction - In a recent review by Ma.rcus (33) of 
solvent extraction two different mechanis~s for the extraction of tran-
sition metal salts are considered. In the case of extraction of aqueous 
solutions by TBP (tri-n-butyl phosphate) in kerosene, TBP solvation 
numbers are found experimentally to be the difference oetween the max-
imum coordination number of the cation and the ionic charge. Thus, the 
extracted species is most likely a definite solvate of a neutral speci es~ 
By contrast, the extraction of the same salts by the higher alcohols is 
found to involve the salting-in of water into the alcoholic phase in 
addition to specific hydration of the cations involved. This lea~s to 
non-integral appa+"ent hydration numbers which are generally higher than 
the characteristic coordination numbers for the cations (52). Indeed, 
the hydration numbers obtained this way are probably best classified 
as permanant +primary+ some secondary. 
The extraction systems consisting of nickel(II) (or copper(II)) 
iberchlorate, water and 1-butanol have been recently studied by Swartz 
(49). Nearly identical distribution isotherms for the two salt were 
obtained. The slope of the distributi on coefficient curve is discussed 
qualitatively in terms of Owen's medium effects (22) and the Debye-
Httckel theory. 
At distribution equilibrium the partial molal free energy of tra:ns-
:fer fiGt = O; therefore, 6.lit = TASt, and 6Ht is simply the difference 
in the partial molal heats of solution of the distributed anhydrous 
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salt in the two phases. Since it is generally not possible to prepare 
anhydrous perchlorates of the transition metals, Swartz proposed a 
thermodynamic cycle from which the enthalpy of transfer could be obtain-
ed (49). Thus, with pyridine as a complexing ligand to obtain the 
anhydrous <f:rystalline compound M(Cl04)2 .6Py, the cycle is 
M(Cl04)2 (s) + 1000/m gm. solvent &is "> M(ClO,i.)2 (m) 
+ + 
6 Py (1) 6 Py (1) i 6Hx 1~r 
AH* 
M(Cl04)2•6Py (s) + 1000/m gm. solvent s. ~(Cl04)2.'6Py (m) 
Figure 4i Thermodynamical Cycle 
where AHr, AH; are experimentally measurable quantities. From the above 
cycle applied to each equilibrium solvent mixture, it follows that 
(2.5) 
since the tJ!x's disappear upon subtraction. 
Because of technical difficulties, Swartz could obtain data for 
AHt for Ni(Cl04)2 at one concentration only and none for Cu(Cl04)z. 
The Alit value obtained was actually the integral heat of transfer. 
Since the salt molality was small (aqueous phase 0.023 m, and organic 
phase 0.0013 m), the integral value was assumed to be equal to the par-
tial molal heat of transfer. A value of -1J.7:1.6kcal/mole was obtain-
ed for ~t with a corresponding entropy change of -46.0±.5.3 e.u. per 
mole . 
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Physical Properties 2£ Solvated Perohlorates i!!, Solution -
Perchlorates of transition metals are highly dissociated in aqueous 
solutions. However recent evidence shows that there is a small degree 
of ion-association in conaentrated solutions. Ross (47) found that 
nickel perchlorate solutions have absorption maxima at 393 and 720 mµ., 
and on addition of HCl04 the absorptions intensify. 
Goodrich (20) has studied the interaction of water with cobalt(II), 
copper(II), and nickel(II) perchlorates in 1-butanol. The shape and 
position of the absorption bands in the visible and near infrared 
regions of the spectrum are completely in agreement with an octahedral 
ligand field for all three ions in the anhydrous solvent. Addition of 
small amounts of water shifts the bands slightly without altering 
their shapes significantly. The shift is only of the order of 10-15 mµ 
or less and indicates strongly that replacement of butanol molecules 
by water molecules is occurring in the coordination sphere of the nickel 
or copper ions. The magnitude of the shift further suggests that the 
perchlorate ions are separated from the metal ions in the ion pairs by 
at least one solvent molecule (12). Saturation of thephase with water 
yields spectra almost identical to those obtained in aqueous solutions : 
Hester and Plane (25) have studied aqueous solutions of nitrates 
(eu+2 , zn+2 , etc.) sulfates (cu+2~ zn+~ etc.), and perchliorates (eu+2, 
' 
+2 Mg , etc.)by Raman spectroscopy. They found that all bivalent ions 
except eu+2 gave lines in the region 360-400 cm-1, consistent with the 
formation of hexacoordinated complexes. The .non-conformity for copper 
complexes has been attributed to the Jahn-Teller effect. 
Andreeva et al (1) examined the spectra of dilute aqueous solutions 
of Co(II) perchlorate, chloride and sulfate. The found the presence of 
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absorption maxima at 8100 0 16000, 19450? 20650 and 21400 cm-1• This was 
verified by investigating the absorption of Co(Cl04)206H20 in a series 
of alcohols and ketoneso The results were interpreted as indicating a 
deformed octahedral structure for the Co(H20)62 and Co(OR1R2)t2 com-
plexes (OR1R2 represents a ketone)o/ 
Pasternack and Plane (42) spectrophotometrically studied the step-
wise substitution of two water molecules from the hydration sphere of 
Cu(II), Ni(II)v and Co(II) perchlorates by ethanol and acetone. They 
suggest that trans-substitution is favored, and that the nature of the 
substitution does not depend markedly on the identity of the metal ion. 
If this is true, the binding energy of two of the six water molecules 
would be relatively small compared with that ~or the other two pairs. 
This result appears to confirm to some extent the calculation of Katzin 
and Ferraro (28), who found that the binding energy of the last pair of 
water molecules is the least in the stepwise (two at a time) formation 
of C0Cl206H20 starting from the anhydrous compound. This is even more 
' pronounced in the case of the hexapyridinates of cobaltous ehlorideso 
However, it is not possible to consider the two hydration processes on 
a comparable basis. 
CHA.Pl'ER III 
EXPERIMENTAL METHOD AND PROCEDURE 
I 
Distribution Equilibria - The distribution experiments were carried 
out by mixing the hexahydrates with equal volumes of water and 1-butanolt 
The mixtures were shaken vigorously for 1 hour; they were then trans-
ferred quickly into separatory funnels and allowed to stand in a water 
0 .o bath at 25 ± o.~ • The standing time -was at least three weeks, and 
often more for mixtures containing very small amounts of salts. In 
case of copper perchlorate, a month or longer was apparently necessary 
to reach complete phase equilibriumo The phases were then separated 
carefully. 
The separate phases were analyzed for the metal ion by standard 
EDTA titration. Results of the determinations are reported in Table 4 
as moles of anhydrous salt per 1,000 grams of mixed solvent. Reproduc-
ibilities were all better than 0.56/>~ 
Water in the organic phases was determined by standard Karl Fisher 
direct titration, employing a dead-stop endpoint measurement with a 
Beckman Expanded Scale pH meter. Results are tabulated in Table 6. 
Reproducibilities were always better than o.5i. 
. . 0 
Since butanol and water form a minimum boiling azeotrope (b.p.95 ), 
the quantity of 1-butanol in the aqueous phases was determined by 
0 
measuring the densities at 25.0 of the distillates of the aqueous phase 
solutions. These were distilled under atmospheric pressure at about 95° 
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Figure 5; Standard Curve :f'.t,r 1 ... Butanol-Water Mixture 
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until about J/4 of the original solutions had been removed. Water was 
added to dissolve all the butanol and the density of the distillate 
was compared with a standard curve obtained before-hand (Figure 5). 
Results are shown in Table 5. Reproducibilities were better than 1i~ 
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Thermodynamics of Transfer - Since solid hexapyridinates had been 
found experimentally unsuitable for general use with the thermochemical 
cycle described on page 17, work was first directed toward finding other 
solid complexes which might take the place of the pyridinates. The 
solid compounds sought had to be easily soluble in both the organic and 
aqueous phase solvents, and at the same time the rate of dissolution had 
to be reasonably rapid. The compounds should be capable also of being 
prepared in a pure state and should be stable. Different types of 
compounds were considered, and several were prepared and tested. These 
included organic solvates, such as alcoholates, as well as coordination 
complexes with amines similar to the pyridine compounds. None of the 
compounds examined were satisfactory. 
Consideration of the thermochemical cycles involved indicated, 
however, that the heat mixing of a reference solution of definite com-
position could be substituted in the cycle in place of the heat of solu-
tion of a solid compound. Further consideration suggested the use of 
... 
concentrated aqueous perchlorate solutions in the case of the butanol 
extractions. Such solutions were found to be completely miscible with 
the equilibrium solvents of both the aqueous and the organic phases at 
the temperature of experiment, and they have been found satisfactory for 
use over the entire range of concentrations with each of the metal sal ts. 
The modified thermochemical cyele is now shown in Figure 6. From 
this one sees that the partial molal enthalpy of solutionti.Hs of one 
M(Cl04'2 (s) + an infin4tely large 
quantity of equili-
brium phase solution 
+ (molality m) 
xH20 
+ an infinitely large t.ilix quantity of equili-
brium phase solution 
M(Cl04)2.(xH20)+ (molality m) 
+ 
xH20 .. 
~ I tJi'r 
Alis 'f 
--,.- M(ClD4)2.(xH20) (m) 
Figure 6. Modified Thermochemical Cycle 
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mole of salt in an infinitely large quantity of equilibrium phase solu-
tion of salt molality mis thermodynamically equivalent to the sum of 
the following enthalpy changes 
-* (a) AHs - the partial molal enthalpy change for dissolving 1 mole 
• 
of the "reference solution" in an infinitely large quan-
tity of equilibrium phase solution of salt molality m, 
(b) AHx - the enthalpy change for the pr6cess of dissolving the 
hypothetical anhydrous perchlorate salt in x moles of 
water to form a reference soluticm, M(Cl04)2o·(xH20), 
(c) 6.Hr - the partial molal enthalpy change for the process of 
dissolving x . moles of water in an infinitely large quan-
tity of the equilibrium phase solution of salt molality m. 
...... -
= 6.~ + ( Alis - b.lir ) • 
The partial molal enthalpy of transfer of the perchlorate. from the 
aqueous phase to the organic phase is represented by AHt- = (A.Rs)org -
- ~ -( A Hs)aq , the right hand side of which is equal to ( Alis - bHr)org 
-* -( cJls ... 6.Hr)aq , since A~ disappears on subtraction: 
In order to transfer the salt from one phase to the other without 
disturbing. extraction equilibrium, it is necessary that the amount 
transferred be infinitesintilly small. Since there is equilibrium, the 
partial molal free energy change upon transfer is equal to zero, and 
L:Ji't = T ASt, where T=298.15°K, AHt andASt are the partial molal en-
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thalpy change and entropy change respectively, for the transfer. From 
the consid~rations presented above, the partial molal enthalpy of trans~ 
fer is given by the sum of the ~ifferences in the experimental values of 
the partial molal heats of solution of water and the reference solution 
in the equilibrium phase m~ures : 
0 
Heats of solution were measured directly in a calorimeter at 26.5 
and practically at constant atmospheric pressure (so that heat of solu-
tion = enthalpy of solution). The calorimeter used will be described 
* later·; To get a value of Ms at a salt concentration corresponding to 
the extraction equilibrium, an aqueous ref~rence solution of about 3 
molar salt concentration was added incrementally from a micrometer 
syringe to 125 grams of solvent in the calorimeter. The solvent eon-
sisted of a butanol-water mixture of the same composition as in the 
equilibrium phase solutions. Additions were continued until the con-
eentration of salt in the calorimeter was a little greater than the 
equilibrium value. Although each increment of reference solution 
resulted in the simultaneous addition of water and hence a small alter. 
ation in the solvent composition, calculation shows that the total 
effect upon the water/salt ratio at the equilibrium composition is only 
about 1% while the effect upon the salt concentration is less than 0~1%. 
Furthermore, the thermal effect of the additional water is exactly 
compensated for in the thermochemical cycle by the method of finding 
tlfr. 
The integral heat of-:mixing was plotted against the number of moles 
of salt added and the slope evalu~ted graphically at the equilibri\llll 
2.5 
..... 
composition to obta:in the partial molal quantity, .6H6 ·• It should be 
po:inted out that plott:ing the data aga:inst the number of moles of salt 
is equivalent to plott:ing aga:inst the number of moles of reference 
"compound", since a mole of reference "compound" can be defined as the 
quantity of reference solution hav:ing one mole of salt and~ moles of 
water. 
-* Values of AHr were obtained in a manner similar to that for AHs ; 
Water was added incrementaJJ.y to the equilibrium phase solution (125 g. 
+ required amount of salt) by a micrometer syringe, and the :integral 
heat of mix:ing was plotted against the number of moles of w~ter added. 
Since~ moles of water were added for each mole of reference solution 
in the thermochemical cycle, the values of partial molal heat of solu-
tion of ~ater, obta:ined (again) graphically from the slopes, were mul-
tiplied by 2f_ to find tJir• 
In the preparation of the reference solution in the case of 
Cu(Cl04)2, a small amount of a white precipitate was observed; this 
was filtered from the s~lution. The filtered reference solution was 
tested and found to be acidic toward blµe litmus paper. The acidity 
and precipitate were very probably due to hydrolysis of the Cu(II) ion. 
No effort was made to analyze for the nature and quantity of the 
hydrolytic product. However, the amount of H+ present arising from the 
hydrolysis was estimated from the calibration experiment described in 
' the next section. The small amount of hydrolysis was found to have 
negligible effect on the enthalpy of transfer and the distribution 
equilibrium. For the other two salts, no such hydrolysis occurred. 
Thermochemical data are tabulated in Table 7. Except for th~ first 
four cycles in the case of Ni(Cl04)2, for which the additions of rea-
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gents were made with a Menisco-Matic buret, it was found that ( AHr)org 
values were practically zero. This is reasonable since the organic 
solutions were already saturated with water, and the addition of a 
minute amount of water should not cause significant change of enthalpy. 
All values are recorded as the averages of duplicates. Deviations of 
the duplicates from their averages are incorporated in the table : 
~ Calorimeter - The calorimeter used was essentially the same as 
that employed by Fielder (15). 
A sketch of the calorimeter assembly is whown in F~gure ?. The 
calo~imeter vessel consisted of a 150 ml. capacity dewar flask (R) 
-
suspended in an air bath whose temperature was closely regulated (t.05) 
with a Yellow Springs Instrument Co. thermister temperature controller. 
The outer jacket (G) of the calorimeter was made of insulating bakelite 
material with a heater (P) and fan (L) mounted inside to insure a 
uniform environment for the dewar flask and its contents. 
The silvered dewar (R), which composed the bottom half of the 
calorimeter vessel, was coupled by a ground flange (H) to a glass 
solvent-tight lid (F). The lid was secured by a bakelite ring (C) and 
suspended from a bakelite disc (B) forming part of the top of the cal-
orimeter jacket. The dewar flask was fastened to the lid by a bakelite 
ring (I) during experiment. Through ports in the glass top were insert-
. 
ed the liquid reagent delivery needle (E), thermistors (J,K) for tem-
perature detedtion, and the leads from the internal heater (0). The 
heater itself was made from 40 gauge platinum wire, 30 ohms of which was 
wound on a J/4-inch high cylindrical open glass form. The platinum wire 
was connected tp the heavy copper leads through a mercury junction. 
Two Veco (#32AJO) 2000-ohm thermistors were calibrated and used to-
A 
/-
Figure 7. The Calorimeter 
/ 
/ 
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gather with a Rubicon Co. (catalog #3403HH) galvanometer (0.0051,ua mm:1) 
in a shielded de Wheatstone-bridge arrangement to monitor the tempera-
ture of the solution in the , calo~imeter and also that of solution in the 
buret. The third thermistor (J) was a Veco (#51 A1) 1o5-ohm probe 
constituting one arm of a shielded de Wheatstone-bridge. The bridge 
voltage was provided by a Willard low-discharge 6-volt battery. This 
circuit had as the detector of unbalanced current on the Wheatstone-
bridge a Sargent Model SR recording potentiometer. The recorder,through 
interchangeable range-plugs, had several available sensitivity settings. 
A compromise could be reached whereby the stirrer noise was minimized 
and at the same time the high sensitivity of the to5-ohm thermistor 
fully utilized. 
The stirrer (M) was made of Pyrex. It was connected through a 
plastic sleeve and ball bearing (Q) to the shaft of the metal pulley (A) 
on the outside of the calorimeter jacket by a latex sleeve joint. The 
latter greatly reduced any heat loss or gain by conduction to the cal-
orimeter. The stirring rate was closely controlled with a Cole-Parmer, 
GT-21, thyratron controller. 
A diagram of the circuit for the calibration heater is shown in 
Gigure 8~ The platinum heating element wa~ completely immersed and 
exposed to the solution in the dewar. By doing this thermal lags were 
made negligible. The mercury connection and copper leads from the cal-
orimeter were made 12 gauge in order to insure that any resistance in 
leads outside the calorimeter would be very small compared to the 
resistance of the platinum heater. The heater circuit was powered by an 
isolated 6-volt s'torage battery, which pr0-vided a constant current over 
. 
the 60-second intervals used in measuring the heat capacity of the solu-
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tion in the calorimeter. 
When the circuit was closed to the internal heater by means of an 
X-ray timer switch, a Standard Time Co. (Model SI) timer was activated 
thro~gh a relay. The timer was then deactivated when the timer switch 
opened the circuit at the end of each preset time interval. The time 
was determined to the nearest 0.01 second. 
The current used in the measurement of the heat capacity of the 
solution in the dewar was approximately 50 milliamperes. This value of 
the current was chosen in order that the same potentiometer (Rubicon 
Instrument Co., Model 2730) could be used to measure, by switching, both 
the voltage drop across the heater and across a General Radio (Series 
500) secondary laboratory standard 10-ohm (:+.0.05i) resistor in series 
with the heater. This resistor had a resistance of 100002 ohms when 
. 
compared with a Leeds and Northrup Co. (Cat. #4025-B) standard 10.000-
ohm resistor. 
Liquid reagent was added through a stainless steel needle; through-
out the addition of reagent the end of the needie was kept beneath the 
level of liquid in the dewar. The needle was connected to the buret by 
a 3-way stopcock (Din fig.?). This allowed an unlimited amount of 
liquid to be delivered conveniently. For the measurements of Nickel(!!) 
perchlorate, an American Instrwn~nt Co. Menisco-Matic buret delivered 
the reagent into the calorimeter. It was found, however, that the 
speed of addi t i on and the accuracy were not completely satisfactory; 
also leakage with this instrument was a frequent problem. For later 
measurements, a manually operated 2-ml. Gilmont micrometer syringe 
having a slight modification in 1e11gth for proper inserti on int o the 
calorimeter jacket was used. 0 By calibration with water at 26.5 , i t 
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was found that actual volume delivered from the syringe was 1.0047 of 
the volume shown on the digit~l dial. However, this correction factor 
was found applicable to every 0.1000 milliliter portion delivered'• 
A calibration of the ,{two 2000-ohm thermistors gave a linear 0.014 
deg. ohm-1 relationship over the 25° -27° range. The individual runs 
made with the calorimeter were carried .· out within this temperature span. 
A calculation of the quantity of heat to be added or subtracted as a 
correction for any difference in temperature of the buret and the solu-
tion in the calorimeter showed that no correction was necessary for 
0 
temperature differences up to 0.1 because of the small increments of 
titrant. 
The to5-ohm thermistor used to measure the heats of reaction had a 
temperature coefficient of resistance of 4.{ff, deg.-1 • This is equi-
valent to -4600 ohm deg.-1 at 25°. When the one millivolt range-plug 
was used in the recorder, the sensitivity of the calorimeter was 0.063.0 
cal. cm.-1 of recorder pen movement for 1-butanol solutions and 0.0885 
to 0.0925 cal. cm.-1 for aqueous solutions, depending on the amount of 
reagent delivered. The pen travel could e~sily be read to better than 
;:f; 0 • .5 mm. 
A 6-volt potential was impressed across the thermistors at all 
times to assure stability and uniformity of repon?e (38)~ 
· The values of current, potential across the heater, and time were 
measured to four significant figures. The timer had 0.01 second divi-
sions and the heating runs were about 60 seconds duration. The method 
used in calculating the heat capacity of the calorimeter was to find 
the values of h, from 
h = Eit/ 4.t86d 
where I= currant, amps 
E = potential across internal heater, volts 
t = time, seconds 
d = recorder deflection, cm. 
4.186 = Joules per calorie. 
This gave a value of h. in calories cm~1 at a given temperature. Any 
single measurement of the heat capacity raised the temperature of the 
solution less than 0.014°, and usually 2 or 3 successive measurements 
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could be made without increasing the temperature more than this. When 
corresponding calibrations were compared, the results were always within 
about 1% of each other. 
The performance of the calorimeter has been recently tested by 
Fielder (15). He measured the heat of neutralization of the reaction in 
dilute solution: 
HCl + NaOH (27.7°). ,. 
The value of -13.19,±0.05 kcal. mole-1 found experimentally compares 
favorably with the liturature value of -13.21 kcal. mole-1• 
The calorimeter was designed to measure experimental heats of 
reaction of the order of one calorie and l~ss with an accuracy of 1% or 
better. This seems to have been achieve~. · Furthermore, the calorimeter. 
was designed to permit very small successive metered additions of rea-
gent to be made, and the overall accuracy of 1% includes also any errors 
in the volumetric addition of reagent. 
Conductance i!!, :Equilibrium Phases - On the basis of the calculated 
relative dielectric constants of the aqueous-phase solvent (98 mole per-
cent HzO), and the organic-phase solvent (50 mole percent H20), the 
Bjerrum ion-association theory predicts that even the transition metal 
perchlorates will associate in the organic phases : This is b,elieved to 
be important in relation to the thermodynamics of~transfer, and hence 
.. 
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to the distribution equilibrium. A study of the electrical conductance 
of the solutions in both equilibrium phases was made,therefore, to 
obtain an estimate of the degree of association of the ions and the 
association constant. 
As the concentration of salt in the ~O'US phase increases, the 
compositions of the solvents change, since 'water is being salted-in by 
the metal perchlorate into the organic phase, and butanol is being 
salted-out of the aqueous phaseo However, as an approximation, it was 
assumed that the compositions of the solvents were fixed, being equal 
to those of the solvents at zero s~lt concentration. This assumption is 
justified since the conductances were measured at low salt concentra. 
tions. 
A precision Leeds and Northrup Jones type conductivity bridge was 
used at 1,000 cps for the measurements in conjunction with a dilution 
cell. Conductance water was prepared by redistilling the deionized 
water from the tap, first with a little potassium permanganate present 
and then with a little potassium hydroxide present. Solvent 1-butanol 
was purified by distilling reagent grade 1-butanol. All parts of the 
distillation apparatus were aged and were made of pyrex. Solvents were 
then prepared from these purified reagents. 
Fifty milliliters of solvent was pipetted into the cell, which was 
immersed in an oil-bath at 25.00° ± 0.05'. A standard reference solution 
of perchlorate salt (about 3-molar) was added incrementally to the 
solvent; resistance readings were taken after each successive addition 
and thorough mixing. For very low con~ntrations, the solutions were 
accurately made up in advance .' 
From the cell constant obtained for the conductance cell by cali-
.. 
. ; 
bration using a decimolal solution of potassium chloride in water (46) 
the conductance at var1qus salt concentrations were calculated according 
to the equation: 1\ = (1,000)(0.4143)/Ce~R • 
Here A is the equivalent conductance, 0.'4143 the cell constant, Ce the 
equivalent concentration, and R, the resistance of the solution. Since 
the specific conductivities of the solvents were extremely low (less 
than 2x10-6 ohm-1cm-1 for the aqueous phase and less than 2x10-? ohm-1 
cm-1 for the organic phase), the conductance contributions from the 
solvents could be ignoredo 
Experimental precis'ion was checked by meSrsuring the limiting con-
ductances of each of the metal perchlorates in aqueous (containing no 
0 butanol) solutions at 25.0 (Figure 9). The values compare with liter-
ature values (calculated using the limiting ionic conductances of the 
component ions listed in the appendix of reference 46) as follows 
TABIE III LIMITING CONDUCTANCE IN WATER AT 2.S.tOo 
Salt Limiting Conductances 
Lito Exp. 
Ni(Cl04)2 122 
Co(c104 )2 122 122 
Cu(Cl04)2 121 126 (cm2 ohm-1equiv.-1) 
It can be seen that the agreement between experiment and litera-
ture is excellent for Co(Cl04)2. Although there is no literature 
value for Ni(Cl04)2 the experimental value found is assllllled to be 
correct,, basing this on the assumption that Ni(II) and Co(II) ions in 
solution are closely similar (this will be clarified in later chapters) • 
. ,·The less satisfactory agreement found for Cu( Cl04)2 could be 
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ascribed to the presence of the acid from the hydrolysis mentioned in 
the previous section. The complete hydrolysis of a mole of cupric ion 
generates two moles of H+, and since the limiting conductance of H+ is 
350 cm2ohm-1equiv;1 , the net increase of conductance per mole would be 
700 - that of eu+2 ::64-6 om2ohm-1equiv;1• Since the limiting conductance 
found experimentally was higher than the true value (assumed to be the 
literature value) by 5 units, then the amount of H+ present for every 
mole of copper(II) perchlorate would be about 0.7%, corresponding to 
about o.35i of the cupric ion hydrolyzed on a mole basis. 
Conductance results are tabulat ed in Tables 9 and 10. The data for 
Cu(Cl04)2 have been corrected for the presence of traces of acid and 
viscosity differences by subtracting 5 '1)H2o / 'Y}aq = 4 from the conduc ... 
tance in the aqueous phase and 5 "1Hz0 / "f) org = 2 from the conductance 
in the organic phase, where the 'fl 0s are viscosities. 
Viscosity .2f. Equilibrium Phases - Viscosities of equilibrium phases 
were measured in order to study the structure-alteration effect of the 
perchlorates on the aqueous and the organic solvents. Solutions were 
prepared from purified 1-butanol and conductance water. Measurements 
were made with a simple Ostwald-type viscosimeter immersed in a water 
0 bath at 25.0 • Agreement between duplicate measurements was always 
better than 0.5%. A Gilmont falling-ball type viscosimeter was tried 
initially, but agreements for duplicates were usually poorer than 5i. 
The precision of the falling-ball instrument is thus by far inferior to 
that of the Ostwald-type, although the latter instrument is much cheaper 
and easier to use. 
with a pycnometer. 
0 Densities of the solutions were measured at 25.0 
Viscosities were calculated from the equation 
Viscosity in liq. = +,,,~--~ ...... --~ ...... ~~~--~~~~------------
(centi-poise) 
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0 
where 0.8937 is the viscosity of water in oenti-poise and at 25.0, and 
0.99704 is the density of water at 25;0° in g. cc.-1. Results are shown 
in Figure 160 
Chemicals - The chemicals used in this res~arch were as follows: 
Cobalt(II), Nickel(II) and Copper(II) perchlorate hexahydrates: 
... 
·~"' .: ,- . 
The G. Frederick Smith Chemical'"Co., Reagent. These chemicals were used 
without further purification: 
1-Butanol: J.· T. Baker Chemical Co., "Baker an:-lyzed" reagent. 
Lot Noo 25238. This compound was used without further purification for 
the distribution and calorimetric experiments. For conductance experi-
ments, it was purified by distillation through a water-cool condenser 
0 
at about 118. Only. the middle portion of the distillate was collected. 
Deionized water was used throughout all but the conductance experi-
ments. The method of preparing conductance water for conductance 
experiments has be described earlier. 
Disodium (ethylenedinitrilo)tetraacetic (EDTA): Eastman Organic 
Chemicals. Distillation Products Industries. This material was used 
without further purification. · All EDTA titrations were made with 
Murexide as an indicater. 
Karl Fisher Reagent: Eastman Organic Chemicals, Reagent. The 
reagent was diluted with three parts by volume of absolute methanol per 
part of reagent before using. 
CHAPTER r,J 
EXPERIMENTAL RESULTS AND DISCUSSION 
Distribution Isothe:rms - The distribution data for Ni(Cl04)2 , 
Co(Cl04)2, and Cu(Cl04)z are tabulated in Table rv. Figure 10 shows 
0 
the distribution isotherm for the three salts at 25.0. Although the 
data for all three salts do not fall exactly on a common c~rye, the 
isotherms are quite close together. The logarithm of the distribution 
coefficients (organic phase salt molality/aqueous phase salt molality) 
for the three perchlorates are shown plotted against the square root of 
the aqueous phase molality of the 'salts in Figure 11. It can be seen 
there that the concentration dependence of the logarithm of the distri~ 
bution coefficients in each case is linear with respect to the square 
root of the molality of salt. The slopes of the lines are the same for 
all three salts, and to a close approximation the lines can be replaced 
by a single line. This result points up the strong probability of a 
common basis for the extractions. 
Table V shows the content of 1-butanol in the aqueous phase. The 
molality of 1-butanol has been plotted in Figure 12 as a function of the 
aqueous phase salt molality~ Again the relation is linear for all three 
salts. Also, the data for the three salts fall on a common line. This 
means that 1-butanol is salted-out of the aqueous phase by the three 
salts at corresponding concentrations to the same degrees, or that the 
salting-out coefficient is independent of the chemical nature of the 
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TABIE V 
CONTENT OF 1-BUTANOL IN AQUEOUS PHASF.s AT 2.5 ;'cf 
Ni(Cl04)2 Co(Cl04)2 Cu(Cl04)2 
maq x 102 , . J;SUU.t1 maq x 1~ BuOH maq x 102 BuOH Molality * Molality Molality 
0~'30 1.·071 2.32 1~056 1.15 1.0.50 
0.74 1.063 4.08 1.062 2.3.5 1.0.51 
1.43 1.0.56 6.07 1.'IQ33 3.71 1.04.5 
2.11 1.0.52 7."59 1.043 5.49 1.042 
2.97 1.042 9.19 1.032 7.22 1.031 
4.12 1.0.59 10.97 1.023 8.81 1.023 
4.3.5 1.033 12.77 ·1.034 10.0.5 1.013 
.5.44 1.042 14.71 0.974 11.43 1.037 
8.22 1.026 1.5~3.5 1.011 12.80 1.014 
10 • .59 1.013 17 • .56 0.971 14.76 1.043 
12.86 1.011 1.5.04 0.981 
17.67 0.990 
19.31 0.970 
* moles kg-1 H20 + salt 
TABIE VI 
0 CONTENT OF WATER IN ORGANIC PHASES AT 25.0 
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Ni(Cl04)2 Co(Cl04h Cu(Cl04h 
Illorg X 103 
H20 
Illorg X 103 
H20 
?llorg: x103 
H20 
Molality * Molality Molality 
Oo13 13.60 1.59 13.83 1o67 13085 
Oa4.5 13060 3.32 13.79 3.33 13.9.5 
0.96 13.72 5.80 13.86 5.21 14.08 
1.23 13.70 7.94 13.97 7.34 14.24 
1.93 13.77 10.66 14.01 11 .6.5 14.45 
4.52 13.88 13.96 14.12 13.92 14066 
11 ~·64 14.16 17.6.5 14.31 18.23 14.92 
12.19 13.99 22.18 14.44 18.30 14.76 
16.73 14.28 2.5.64 14.60 23.49 1.5.14 
17061 14.16 29.09 14.6.5 34.74 1.5.72 
26.11 14 • .55 
31.2.5 14060 
* moles kg-1 t~BuOH + salt 
~ 1.2 
•n ~ 
:S 1.1 
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cation. 
Hydration Numbers. The content of water in the 1-butanol phase is 
tabulated in Table VI. Figure 13 shows also the distribution of water 
in the organic phase as a function of the salt concentration in that 
phase. Again one can see clearly the degree of similarity between the 
extraction behavior of Co(Cl04)2 and Ni(Cl04)2, for the data for both 
salts fall on a common curve. In contrast, the data for Cu(Cl04)2 are 
significantly different from those for the other two salts. From the 
slopes of the straight lines apparent hydration numbers, excess moles 
H20 per mole of extracted salt, of the order of 30 for Ni(Cl04)2, Co 
(Cl04)2 and 50 for Cu(Cl04)2 can be calculated. According to a reoent 
and thorough analysis of hydration numbers (in aqueous solutions) by 
Azzam (8), hydration numbers of the order 60 are to be expected when 
one considers both the primary and secondary hydration, in addition to 
the perznanant hydration, for co+2, Ni+2, and cu+2 ions. In any event, 
the butanol phases correspond to 1:1 mole ratio butanol-water solvent 
with ample water for complete hydration of ions in the organic phase. 
Based on the above hydration numbers and the fact that water is a 
stronger ligand than 1-butanol (37), one can visualize that the immediate 
solvation sheaths around the cations in both aqueous and organic phases 
are occupied almost entirely by water molecules, the hydration numbers 
for the three salts being of the order of 50 in both phases. Because 
of the fact that the organic phase contains adequate water for complete 
hydration, one can further presume that the nature of solvation in the 
vicinity of the cations is similar in the two phases. A still more 
accurate picture is provided by the results of the studies of the ther-
modynamics of transfer. 
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in~X 2£ Transfer - Partial molal enthalpies of transfer, AHt, 
have been determined from the thermochemical cycle described in the 
previous chapter (Figure 6). Thermal quantities for the cycle are 
listed in Table VII. Measurements have been made for the range of 
aqueous salt concentrations between 0.02 molal and 0.12 molal, for which 
the composition of the solvents can be considered to be practically 
constant and which does not go beyond the limitation of accuracy of the 
calorimeter o 
Values of AHt and ASt shown plotted in Figures 14 and 15 as a 
function of aqueous salt molality. Surprisingly, the relation between 
the two is approximately linear, and the lines for the three peFchlor-
ates have about the same slope. The absolute magnitudes of A.Ht for the 
three salts follow the order cu+2 > Ni +2 > Co +2. This is reasonable 9 
since the relative ionic radii are in the order Cu +2< Ni +2 < Co +2 , and 
a simple Born's model would predict such a trend. It is significant 
that the data for Ni(Cl04)2 and Co(Cl04)2 can be represented approx-
imately by a common line. This again indicates the close similarity 
of the two salts. The values for Cu(Cl04)2 are about 1.5 kcalomole""! 
more negative than those of the other two salts. This may be associated 
with a distortion from octahedral symmetry in the copper ion. Neverthe-
less, 1.5 kcal. mole-1 is only a small difference compared with the 
heats of solution (hydration of gaseous ions), which should be at least 
two hundred times larger in magnitude. One, therefore , shou1d be 
cautious in concluding that the nature of extraction for Cu(Cl04)z is 
fundamentally different from that of Co(Cl04}zand Ni(Cl04)2. 
The values of AHt and ~tare all negative (Figure 14, 15). Extra-
polation of the enthalpy curves to zero concentration gives approximateJ;y-
TABIE VII 
HEAT VALUES FOR STEPS IN THE THERMOCHEMICAL CYCIE 
'"" 
X 102 
_,,. 
( AHr)org (~Hs)org 
-¥- ( AHr)aq (A.Hs)aq ( AHt) (a.st) mag ( 6Hs)org ( AHs)aq 
filorg X 10 3 kcal/mole kcal/mole kcal/mole kcal/mole kcal/moli 1 kcal/mole kcal/mole e.u./mole 
Ni(C104)2 \ 
1.94/1.19 -9,18,±0.17 -0.00±0,00 -9,18,±0.17 -0. 99;,tO. 01 -0.29,±0,03 -0. 70,±().04 -8.48,±0.21 -28.4,±<). 7 
2.11/1.23 -9 .10,±0 ~'03 .. 0.15.5±0.005 -9.2.5.5,±0,03 -1. 03.5,!0 .01~ .;.o.26_t0. 01 .. o • 77.5,±0 • 02~ -8.46,±0.06 -28.4,±<).2 
2.97 /1.93 -9.49,±0,02 -0.28,±<).03 -9.21,±<).0.5 -1.01,±0.03 -0.3.5±0.04 -0. 66,±0. 07 -8.5.5,±0.12 -28. 7,±0.6 
3 • .50/2 • .50 -9 .17,±0. 01 -0.17,±0.02 -9. 00,±0. 03 -o.96+o.oo 
-
-0.28,±0.03 -0.68+o.03 -8.32,±().06 -27.9,±0.2 
, 
4,3.5/J.40 -8 • .51.±().02 +o. 01,±0. 03 -8 • .52.±9.05 -0.91,±0.05 -0.23,±0,00 -0.66+o.o.5 
·-
-7 .84,±<).10 -26.3,±0~3 
.5.44/4.63 -8.31.±().00 +0.07,±0.03 -8.J8+o.03 
-
-0.74+o.01 -0 .. 21.:t().02 -o • .5.3+o.03 -7.85,±<).06 -2603,±0.2 
•. 
6 • .50/6.00 -8.46,±0.0.5 -0 • 00,±0. 00 -8.46,±0,0.5 
-0.77±!).00 -o.18+o.oo -0 • .59.:t().02 -7.87,±0.07 -26.4,±<)eJ 
7.00/6.65 -7. 98,±0. 01 ,r(). 06,±0. 02 -8,04+o.03 -0. 77,±0 0 01 -0.17,±<). 02 -0. 60.:t(). 03 -7 .44.±<). 06 -2.5. 0,±0 ~2 
Co(Cl04)2 
2.00/1.33 -9. 37-+o. 05 
-
-0.00.±().02 
-9-37,±().05 -1.19,±0,02 -0.40,±().00 -0.79.±().02 -8 • .58.±().07 -28.8.±().3 
4.00/3.17 -8.4.5,±0,07 -0 0 00,±0. 00 ... 8.45,±0. 07 -10 07,±0. 02 -0 • .31,±0 0 03 -0.66,±0.05 -7.79,±().12 -26.1+o.4 
-
6.00/5.62 -8.05,±0~'01 -0.00,±0,00 -~.0.5,±().01 -1 .00.±().00 -0.17,±0.01 -0.83,±0.01 -7.22+0.02 -24.2,±<).1 
-t::-
-..J 
s.oo/ 8.61 -7.70±0,03 -0 0 00,±0. 00 
10.00112.04 -7 .10,±0.0.5 -O.OO;t0.01 
Cu(Cl04)2 
3.00/ 2.20 .a O O 03.±0 0 03 -0. OOj:O. 00 
5.00/ .3.95 -9 o52;t0o 01 .o. OOj:O • 00 
7.00/ 6.88 ..;.9 0 02:±0. 02 -0.00±0.00 
9. 00/10. 00 -8.25±0.05 -0.00;tOoOO 
11.00/13.50 -7.90,±0.0? -0.00±0.00 
TABIE VII (Continued) 
-7.70±0.04 -1 0 08j:O. 02 -0.18+o.02 
-7.10±0.06 -0. 98.;tO. 01 -0.16.±,0001 
-10.03,±0.0.3 -0.46±0.01 -0.39,±0.02 
-9-52.;t0.01 -0.42.;tO.OJ -O.J5;t0.03 
-9.02j:0.02 ~0.35.±<).01 -0.25,±0/00 
-8.25±0.0.5 -O.JJ+o.01 -0.20j:0.01 
-?.90±0.07 -0 • .31±0,00 -0 .21,±0. 02 
-0. 80.;tO. 04 -6.90.;tO. 08 
-0.82.;t0.02 -6.28.±,0.08 
-0.07,±0.03 -9. 96.;tO. 06 
-0.07;t0.06 -9.45±9.07 
-0.1 Oj:O. 01 -8. 92.±0. 03 
-0 C 1?.±0 e 02 -8 .12.±0. 07 
-0.10j:0.02 ... 7 .80,±0. 09 
-23.1±0.3 
-21.1,±0 .. 2 
-JJ.4+o.2 
-J1.7j:0.2 
-29.9.±0~1 
_'!':_27 .2+o.2 -
-26.2±().J 
~ 
co 
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l 
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a 
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-~Ht = -9 kcal.mole-1 for the cobalt and nickel salts and about -10.5 
-1 kcal.mole for copper perchlorate (Figure 14). 
According to the Born model of ion transfer, AHt is given ideally 
by the equation (Appendix F) 
AHt = -4,313 ct >6( z~ / re,( ) (4.1) 
o< 
0 
where r~ is the radius of ion~ in A. The other symbols are defined 
in Appendix F. When ionic charges and Pauling radii are substutited 
into equation (4.1), the following results can calculated 
-o ) 1 6.Ht for Ni(Cl04 2 = -27.7 kcal. molem 
~Rt for Co(Cl04)2 = -27.1 kcal. mole-1 
Afft for Cu(Cl04)2 = ... 28.8 kcal. mole-1 • 
Although the equation predicts correctly the sign and the rela-
tive order of the salts, the absolute magnitudes are three times too 
large. From among the various possible causes, probably the most 
important a.re (a) neglect of dielectric saturation and electrostriction 
and (b) failure to account for the detailed structure of solvation. 
Wheh these are taken into proper consideration, much better agreement 
can be achieved (next chapter). 
It was reported that there was an estimated 0.7% of free acid from 
hydrolysis for every mole of Cu(Cl04)4 present. Since the value of 
A Ht for the acid impurity should be much less than 9 kcal. mole-1 
(absolute magnitude), then a small quantity of impurity would contri-
bute much less than 0.06 kcal. to the partial molal enthalpies of 
transfer of the salt. The effect, therefore, should be negligible. 
Based on this arguement, one would not expect the presence of a such a 
small amount of acid impurity to affect the viscosity of the solutions, 
nor to affect the distribution equilibria significantly. 
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Entropy: .2f. Transfer - The extrapolation of the entropy curves to 
-o 1 
zero salt concentration yields approximately ASt = -30 e.u. mole- for 
the cobalt and nickel salts, and about -35 e.u. mole-1 for copper per-
chlorate (Figure 15). 
The negative sign of the entropy change can be easily accounted 
foro The non-organic solvent contains only a small amount of alcohol, 
and is essentially aqueous. According to Franks and Ives (Chapter II) 
water is able to act as host to a small number of molecules, which, 
although alien 9 have a certain affinity for water. Therefore, the 
order of the water structure is more or less preserved. On the other 
hand, for the organic solvent, which is a 1:1 mole ratio alcohol-water 
mixture, the structure would be expected to be less ordered than that 
of pure water, since both linear polymerization of the alcohol and the 
tetrahedral clustering of water would be mutually interfered with. 
Franks and Ives described this as "with increasingly extensive inva-
sion by the foreign species, however, rather sudden co-operative fail-
ure of structure retention is to be expected - the sooner, the more 
'foreign' the invader"• Consequently, the effect of strongly struc-
ture-ordering ions such as the bivalent metal cations would be enhanced 
in the butanol-rich phases while that of ordinarily structure-breaking 
anions (perchlorate) would be diminished. A negative entropy of trans= 
fer will be found in such cases. 
Viscosity .2f. Solution - Figure 16 shows the results of viscosity 
measurements. In agreement with the idea of an enhancement of struc-
ture-making by the cation and a decrease in structure-breaking by the 
anion in the organic phase, there is observed in the organic phase a 
more rapid increase in the viscosity with increase in concentration of 
3.0 
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53 
salt than in the aqueous phase. Significantly, copper solutions show 
the most marked effects while those for cobalt and nickel solutions 
remain closely similar. 
Electrical Conductances - Reference to Figure 15 again shows that 
with increasing concentration there is a linear increase in the values 
of tit:. with increase in concentration of salt. In a solvent of bulk 
dielectric constant of approximately 27, a high degree of ionic associ-
ation is probable, and sinceAS0 values for ion-association reactions 
are usually positive, an increase in entropy with increasing concentra-
tion is expected. Such is the case (Figure 15). 
A study of the electrical con~uctance of the solutions in both 
equilibrium phases was made to obtain an estimate of the degree of 
first order association. Results are given in Tables IX and X. The 
equivalent conductance is plotted against the square root of the equi-
valent concentration in the conventional manner (Figures 17 and 18). 
Also shown in this figure are the dash lines calculated from the Onsager 
limiting equation (Appendix C). From Figures 17 and 18 it can be seen 
that all three salts have practically the same conductance in both 
phases. This again signifies that the salvation of the three salts in 
the extraction phases are essentially identical. 
Since Walden's rule was found to be followed fairly closely (Table 
VIII) in the aqueous phases, it was assumed that the rule could be 
applied to the organic phase solutions to obtain the limiting conduc~ 
tance (38.7 cm~ ohm-1 equiv~·-1 for all three salts). The experimental 
values of the conductance for aqueous solutions can be seen (Figure 17) 
to be all higher than predicted by the limiting law. This, in general, 
signifies that the salts are behaving as nonassociated electrolyteso 
TABIE VIII 
WAIDEN 'S RUIE AND TBE LIMITING CONDUCTANCES OF THE 
PERCHLORATES IN AQUEbus AND BUTANOL PHASES 
AT 25.D° . 
.54 
Limiting Eq_uivalent Conductance 
em.2omn-1 eauiv.-1 Co(Cl04)2 Ni(Cl04)2 Cu(Cl04)2 
0 (water) 
~(aqueous phase) 
'°(aqueous phase, 
~(organic phase, 
122 122 121 
94 94 94 
calculated) 92 92 91 
calculated) 38-.'7 38.7 38.7 
Viscosity; of water= 0.8937 centi-poise 
of aqueous phase= 1.184 een-
ti-poise 
of organic phase= 2.816 oen-
ti-poise 
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TABLE IX 
CONDUCTANCE OF EQUILIBRIUM AQUEOUS PHASES AT 2.5o0 o 
Ni(Cl04)2 Co(Cl04h - Cu(Cl04)2 
(Ce) 2 X 102 A.. (C6 )fx 102 £\.. (Ce)tx 102 A 
-· 
3066 · 91.27 6.oo 87094 5.96 90023 
6000 86.,47 9.16 86081 9.11 88 .. 38 
7o76 87.50 12.00 82.55 11.92 8.5032 
9.18 86.14 14:o41 79!132 14~13 83032 
1:0o79 84.o4 16.24 79.33 16 .. 10 82023 
11050 84 .. 67 17.97 77.72 17083 so .. 44 
12.50 84019 21.00 75.31 20084 78.20 
13042 82.42 25.01 . 71 .67 2.5.82 75.00 
14 .. 30 82007 33 .. 81 66 .. 85 33.61 70 .. 41 
15.20 81.80 tw.10 62.74 39.,80 66.86 
16.61 80 .. 54 
Ce= Equivalent concentration 
~=Equivalent conductance, cm.2 ohm=1 equiv.-1 
"J" 
TABIE X 
0 CONDUCTANCE OF EQUILIBRIUM 1-BUTANOL PHASE AT 25o0 
Ni(Cl04)2 Co(Cl04)z Cu(Cl04)z 
(Ce)"i X 102 1 4-I\. (CeP· x 102 A (C6 ) 2 x 102 A / 
-
4o90 1506? 3,J~6 17o6J )o44 16.82 
6094 14 .. 98 4o89 15085 4o87 15032 
8050 
~-
13073 6092 14091 6088 13.96 
9o81 13042 9.,15 13094 8043 12099 
10097 13013 10093 13.03 10 .. 34 12001 
12098 12.59 12.46 12.81 11 .• 93 1106? 
13.87 12.37 13081 12.37 13031 11013 
14.71 12.26 15.04 12 .. 13 15.77 10.77 
15.50 12010 16020 12001 
16025 11096 17 .2L~ 11.80 
16098 11.85 
Ce= Equivalent concentration 
A= Equi.valent conductance, cmo2 ohm-1 equiv., -1 
..-l 
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For the organic solutions, however, the experimental conductances are 
much lower than predicted (Figure 18)o This is an indication of large 
degree of ionic association, possibly as Ni(Cl04)+ at lower concentra-
tions, and at higher concentrations as neutral Ni(Cl04)2 o Similar 
species are assumed for the other salts. 
To form an estimate of the degree of ion-association in butanol 
phases, the following equation (Appendix D) was applied to the datao 
' t) A Aobso = (37 08 - 92.,4{1 ( 1-o() - o(.(24.4 - 69.1p 2 ) (4o2) 
where r = i onic strength = 3Ce - 4C0 o( 
cl,.: fraction of perchlorate ions associated 
Ce= equivalent concentration salt • 
Following Monk (34) the contribution to the limiting conductance from 
the ion=pair Ni(Cl04)+ has been estimated to be ca. Oo4~for Ni+2• The 
results (Table XI), notwithstanding the uncertainties in extrapolation 
to the limiting conductance and in the proper value for the conductance 
of the ion~pair, lead to the conclusion that over the entire concen= 
tration range for which the transfer experiments were made the salts 
are extensively associated into ion-pairs and neutral species. This is 
further expressed by the large value of the first association constant 
of Cao 104 liter mole-1o 
At least qualitatively, therefore, the cbserved increase in the 
entropy of transfer with increasing concentration can be accounted for 
in terms of a positive entropy of ion-association (39)o This, at least 
in the case of the systems investigated, is believed to be caused not 
so much by t he displacement of water molecules in the permanent hydra-
tion sheath around the cat i ons upon ion-association but rather by a 
gain in freedom of the water molecules surrounding the ions which 
TABLE XI 
CALCULATED DEGREE OF FlRST ORDER ION .ASSOCIATION OF 
THE THREE PERCHLORATES IL'J EQUILIBRIDM 
BUTANOL PHASES FROM CONDUCTANCE 
AT 2500° 
rfc;x 103 Fraction of metal 
associated, 20\ 
1 Oo10 
3 0.18 
5 Oo24 
7 0.30 
10 0.38 
20 Oo52 
30 0.60 
50 Oo64 
---
....__,e. ___ ~-
TABIE XII 
CALCULATED DEGREE OF SECOND ORDER ION ASSOCIATION OF 
THE THREE PERCHLORATES IN EQUILIBRIUM 
BUTANOL PHASES FROM CONDUCTANCE 
50 
70 
AT 2.5.0° 
Fraction of metal 
;"'13· 
associated, ~ 
(C9 = Equivalent concentration) 
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arises from the reduction in the electric field accompanying ionic 
associationo This should be especially true for those molecules outside 
the permanent hydration sheatho 
It should be noted that the conductance calculated using equation 
(4a2) which is basedonihe limiting equation is a little too low, and 
the difference increases as the concentration of salt increases (page 
11 of reference 13)o Therefore, the actual degree of association should 
be even greater than indicated in Table XI, particularly at higher 
eoncentrationso 
According to Table XI, it is evident that even at Ce = 1:xfoJ+ 9 
there is already extensive first order ion-association in the organic 
phaseo At higher concentrations, it is probable that second order ion-
association (formation of neutral Ni(Cl04)z) will be important. An 
approximation of second order association can be calculated using the 
equation (Appendix E) 
1\.0 \::,s~ (1-(3)[38o7 m 160,j(1=~) Ce] 
where ~is the fraction of metal ions associated (or perchlorate ions 
associated) o Here it is assumed that there is no first order associa.= 
tion. Results are shown in Table XIIo 
According to Table XII, the second order association constant at 
2500° is calculated roughly to be cao 107 liter2mole.:.20 This, however 0 
is not very meaningful, for the association is most certainly stepwise; 
Mt2 + Cl04 
Mc1ot + c104 
+ MCl04 
M(Cl04J2 
(4o4) 
(4o5) 
CHAPTER V 
THEORETICAL MODEIS 
Solvation Models - In chapter lV, the general picture of the solva-
tion of all of the salts studied has been developed. The salts are all 
visualized as being fully solvated by water molecules in both the aque-
ous and organic phases. This is evidenced by their all having large 
apparent hydration numbers and the fact that the organic-phase solvent 
contains ample water for complete solvation. Also, the appar~nt vali-
di ty of Walden's rule is further evidence that in the transference from 
aqueous to butanol phases, the salts suffer no significant change in 
their hydration sheaths. On the other hand, similarities in distri-
buti on equilibria, nearly equal enthalpies and entropies of transfer -
all suggest that the nature of the extraction of the three salts is 
basically the same. 
Since all three salts in the equilibrium butanol phases have 
visi sble absorption spectra which are indistinguisable from their aque-
ous solutions, the first coordination sites of the cations must be 
approximately octahedrally symmetric and occupied by water molecules 
(37) • . In other words, six-coordinately hydrated cations can be regarded 
'?f- . 
as the "effective" cationic species in both the aqueous phase and the 
1-butanol phase. 
" At infinite di lution, the solvation of the perchlorates is 
visualized as in Figure 19. Where the innennost circle around the metal 
61 
,fv{" 
/ '<Y/ 
/CJ~ 
,// 
/ 
_0 
Cl~ · 
~'"'~. 
'\ 
~ 
.,--t-~~~~h,£-•1~~~>-Metal ion< I>, I I 
V Outer /, Permanent---+-::...,--+---~ 
hydration . hydration 
;,; / 
, ?~ 
Aqueous Phase Butanol Phase 
Figure 190 Salvation Model at Infinite Dilution 
o, 
N 
/ // 
'/ 
~' 
~· ~ I/ I Metal ion I I ~ ~ 
~. ! / I Permanent I '>c\ ~ 
hydration 
(a)First Order Association 
Figure 200 Solvation Model of Organic Phase at Finite Salt Concentrations 
°' I..,) 
ion represents the outer boundary of the permanent hydration sheath, 
occupied by six water molecules. Outside this circle , there i s a outer 
hydration sheath, assumed occupied mostly by water molecules, especially 
in the rigion immediately next to the permanent hydration sheath. It is 
assumed that the dielectric constant of the extraction solvent (Appendix 
B) is effective immediately outside the permanent hydration sheath, 
which means one regards the octahedrally-hydrated cation as the "effec-
tive cation". Perchlorate ions are not considered hydrated, and are 
pictured as bare ions in contact with bulk solvents. 
At finite concentrations of salt, extensive ionic association in 
the organic phases has been found (Tables XI and XII). Ion-association 
can take place with a water molecule (or water molecules) separating 
the cation and anion (Chapter II). This is probably the case here as 
evidenced by the spectra of the salts in the organic phases. Thus the 
organic phase at finite salt concentrations can be pictured by Figure 19 
and either Figure 20(a) or 20(b), or by all three. 
Figure 20(a) represents first order ion-association, and 20(b) 
second order ion-association, with relative positions of the perchlo-
rate anions unspecified (will be specified later). 
In summary, at finite concentrationsthe transfer of the salts is 
to be considered as the transfer of fully hydrated ions with subsequent 
association into hydrated ion aggregates in hydrous butanol. 
Enthalpy 2f_ Transfer - It has been shown (Chapter IV) that the 
-a 
simple Born model predicts AHt values which are almost thr~e times more 
negative than the experimental values. However, the model does predict 
. 
the right s i gn and the right trend among the salts expected on the 
basis of ionic radii; therefore, the model may be considered as assen-
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t i ally correcto 
Figure 19 is pictorily a modified Born model. It is this model 
which is to be examined here. -o a As shown in Appendix F, b.Rt_ at 25o0 is 
given on the basis of the Born model by the equation 
-o AHt = 
-(4.313) n: v°" z~ I ro( ) , 
o(. 
(5.1) 
0 
-o 
where tJit is in kcal. mole-1 if r~ is in A. Using the model described 
in Figure 19, the values of r~ for the cations should now be replaced 
0 
by the effective radii, ioeo, rcation = Pauling radius+ 2.72 A (p. 51 
of reference 21). Thus, 
0 
rNi+2 = 0. 72 + 2. 72 A 
0 
= 0 o 74 + 2. 72 A 
rcu+2 = 0.69 + 2.72 i, where 2.72 is the diameter of H20o · 
0 
Since Cl04 is not considered to be hydrated, rc10- = 2.28 A {see Appen-
4 
dix F). Upon substitution of the above values of r~ and ionic charges 
into equation (5.1), one gets 
-o Ni(Cl04)2 -8.8 kcal. -1 AHt for = mole 
AHt for Co(C104)~ = =8.8 kcal. mole'"'1 
~ for Cu(Cl04)2 = -8.8 kcal. mole-1 • 
-o Therefore, the modified Born model predicts ~Ht to be about -9 kcaL 
mole=1 for all three salt!. The corresponding entropy change is about -
JO eoUo mole=1. These agree very well with the expe~imental vaiues of 
about -8.9 to -10.7 kcal. mole-1 for the enthalpy of transfer and about 
-30 to -36 e.u. mole-1 for the entropy of transfer. In view of the 
simplicity of the electrostatic model and the uncertainties involved in 
the physical quantities needed for calculation, the agreement is better 
than normally could be expectede 
Th~ addition of the diameter of a water molecule to the Pauling 
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r·adii of the metal ions neglects the interaction between the permanent 
hydration (water) with the metal ions. Fortunately, the same interac-
tion is present in both the aqueous phase and the 1-butanol phase, and 
-0 
therefore 0 cancellation results when Alit is calculated. On the other 
hand 0 the use of effective radii avoids the catastrophe of dielectric 
saturation and electrostriction, which, together with ignorance of the 
detailed solvation structure, cause the failure of the simple Born 
modelo 
The fact thatAHt for Cu(Cl04)2 was found experimentally more 
negative by 1o5 kcalo mole-1 than the cobalt and nickel salts can be 
ascribed possibly to the distortion of the octahedral symmetry about 
the cu+2 iono This has not been taken into account in the calculation. 
Entropy££. Ion Association - In view of the gratifying success of 
-o 
the "effective cation" concept in the calculation of ~t, the calcula-
tion of entropy of ion-associations based on the same model will be 
now considered. The modified Born equation again will be used where 
applicable. The method is, the~efore, essentically identical to that 
described by Austin and Matheson (chapter 24 of reference 12)o 
First Order Ion-Association 
Based upon the association model described in Figure 20 (a) (rela-
tive sizes of ions and water molecules are shown in Figure 22), an. ana-
lysis of the ion association by the Evans-Nancollous entropy cycle (39) 
leads to to the following 
2+ M(H2o)n (g) + x-(g) 
~ ~ 
M(H20)n (Aq) + x=(Aq) 
> M(H20)n-2X+(g) + 2H20(g) ~~ {~ 
M(HzO>n- ~+(Aq) + 2HzO(g) < 
Figure 210 The Entropy Cycle, First Order Ion Association 
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Here, M(H20)~+ represents the hydrated cation of Figure 19. The ex.tent 
of the hydration needs not be specified. Nevertheless, the very large 
hydration numbers determined experimentally indicate that n should be 
of the order of 30-50. Because of the larger size of the perchlorate 
ion relative to the water molecule, it is assumed that first order ion-
association takes place when a perchlorate ion displaces two molecules 
of H20 from the hydration sheath immediately surrounding the "effective 
cation" (Figure 20 (a)). 
Since the major contributing factor to the change of entropy upon 
ion-association in the present system is due to the change in the order 
of water molecules .in the solvent,the process can be approximated as 
taking place in purely aqueous solution. It should be pointed out here 
that "Aq" is used to denote "aqueous solution", as distinguished from 
"aq" which represents "aqueous phase solution". 
From Figure 21 it follows that the entropy change of fir,~t order 
0 ion-association at infinite dilution,(ASass)1st, can be represented by 
0 O o+ 0C0 0 .. ,,p O ( ) (~Sass)ist = -As5 =6.S1 +AS1 +AS2 +~3 +AS4 • 5.2 
Both ASr andt..s°3 can be calculated approximately using Born's equation 
and Gibbs-Helmholtz equation(('3AG/c>'l)p= -AS0 ), assuming that the 
' 0 
radii of all hydrated _cation~ and it>n-pairs are 2.72 A greater than the 
crystal radii (r+) of the metal ion (so that the Born expressions 
differ only in the charge). Thus, 
o+ zr e2 1 dn l\S1 = _. __ ...,._ __ ( . . ) ( -- ) 
",..o 
.uu3 = 
2(r+ + 2l'H2o) "'nZ dT 
z~ e2 1 dD 
2(r+ + 2rH20 ) ( n'2' ) ( -dT- · )' 0 (5.3) 
Where z1, Z3 are the valences on M+2 and the ion-pair, Dis the dielec-
tric constant of water. 
Since 
o_- c o 
AS1 = sx-(g) • Sx-(Aq) 
6.s4 = 2 [sH20(Aq) - sii2o(g)J 
'-Se So + 2So ) 
u 2 = ion-pair(g) - H20(g 
(5.4) 
(5.5) 
- SM(H2o)!+ - si-(g). (5.6) 
on substitution into equation (5.2), one has 
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(AS~s~1',(-@.@.1) ( N0 e2 ) ZI - Z~ O O " 
+ 2 SH20(Aq) - Sx~~) ~ 2(r+ +21t12o ) 
\ + L 5ion-pair(g) - 5~(H20)~+(g) ] 0 (5. 7) 
Thevalue of the square bracket is essentially a rotational entropy 
change, which is assumed to be not much different from 2.5 e.u. mole-1 !PO! 
a value estimated by Austin and Matheson for a similar entropy change, 
using a slightly different ion-association model (ch. 24 of refo 12). 
Upon substitution of the above and the appropriate physical constants, 
one has 
0 
- Sc104(Aq) 
+ 2.5 (5.8) 
= e.u. mo+e-1 if radius. is in A. 
+ 0 0 Setting r + 2~20 = J.4 A for all three metal ions, and since SH20(Aq) 
6 1 ~ 4 -1 = 1 o7 e.u. mole= and Sc104 = .3.5 e.u. mole , 
(.6 s;ss>1st = 8.6 + 33.4 + 2.5 - -~3.5 = 1.0 e.-u. mole-1 for all three 
0 
salts and at 25.0. 
It is assumed that the solutions are sufficiently dilute so that 
0 ) t -2 (A Sass>tst =' (~Sass 1st in the organic phase. When Ce = 1 x 10 
in the organic phase, the salt molality of the organic solution is 5 x 
10=5, and the corresponding concentra~ion in the aqueous phase is . 
1 x 10=3 molal. At this concentration t he fractior of met al i on asso-
ciated is about 0.4 (Table XI). !herefore, the contl'-ibnt i on to ASt is 
about 0.4 e.u. mole-1 based on the model shown in Figures 2-0(a) and 22. 
-Figure 22. Orientation of Cl04 around the Effective 
Cation 
Th • t 1 l f A -s A -s O • 'Ii..' 'I 1 ( e experimen a va ue o u t •u t 1s ·au'out 0•".J e.u. mole- Figure 
15). 
Second Order Ion=Association 
Although ( 6.Sa55 )1st is positive, it is too small to account for 
large increases in the entropy of transfer at higher salt concentrati on~ 
. As disscussed previously, second order ion-association becomes important 
at high concentrations. The model for this ion-association is shown in 
, 
Figure 20(b). In order .for 2Cl04 ions to come in contact with the effec-
tive cation (hexahydrated metal ion) four water molecules must be liber= 
ated from the hydration sheath immediately surrounding· the "effective ,, 
cation". However, ol,fing to very effective reduction of ionic charge 
in the present case, more than four water molecules are likely to be 
released. In order to allow for this possibility, it is assumed that m, 
an integer parameter greater than 4 but relatively small compared with 
n, water molecules are released from the hydration sheath mentioned. 
The association process accordingly can be represented by the following 
entropy cycle: 
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0 
M(H20)~+(g) + 2.1:-(g) AS2 > M(HzO>n-mX2(g) + mH20(g) 
!~1; A~i AS3 AS4 
2+ AS 0 
M(H20)n (Aq) + 21-(.Aq) ~ 5 M(H20)n-mX2(Aq) + mHzO(Aq) 
from which 
Figure 23. The Entropy Cycle, Second Order 
Ion Association 
The quantityAS3 now represents the entropy change for transferring a 
fully hydrated neutral ion-tri~lat from its gaseous state to its aqueous 
solution. Be¢ause of the electric neutrality of the ion-triplet, 
entropy loss for the process should be much smaller than for the process 
M(H20)n-2X+(g)~M(H20)n-2X-(Aq), for which entropy change is calcu-
lated to be only 2.8 e.u. mole-1 using Born's equation and Gibbs-Helm-
holtz equation. Therefore, in the present case, it can be assumed that 
A-Sj = o. Since 
A.Si = 2 [ si-(g) (5.11) 
6,So - s0 ( ) o o 2+ o 
2 - M HzO n-mXz(g) + mSH20(g) - SM(H20)n (g) - 2Sx-(g), (5.t2) 
(5.13) 
(5.14) 
Assuming the value of the term in the last square bracket to be 2 ~ 2.5 
= 5 e.u. mole-1 , and r+ + 211120 = J.4 X for all three salts, then 
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0 
( b. 8ass )2nd = 16• 7m - 7l . 
In order that (,6.s;ss)2nd be positive , m must be equal or greater 
than 5. When m=5, ( AS:ss)2nd = 12 e.u. mole-1• From Table XU,at Ce 
= 4$ x 10-3 equiv. liter-1 (organic salt molality is 2.9 x 10-3 molal, 
and the corresponding salt molality in the aqueous phase is about 3.8 x 
10-2 molal) the fractioh of metal ions involved in the 2nd order ion-
associ ation (assuming there is no first order ion-association) is about 
o.6. It is further assumed that ( AS:ss)2nd = ( ASass)2nd o Then the 
entropy contribution to the partial m?lal entropy of transfer will be 
(0.6)(12) = 7 e.u. mole-1 o From Figure 15, the experimental value i s 
seen to be about 3.5 e.u. mole-1• 
Although the agreement here is not good, it is all can be expected, 
considering the highly approximate nature of the calculation. Moreover, 
f i rst order ion-association can be expected to occur to a comparable 
extent. If, for example, there is 3CJ1, first order ion-association and 
30% second order ion-association, then (ASass)total = 3.9 e.u. mole-1 , 
which agrees with experiment. 
The calculation for second order ion-association based on the model 
used does not depend on the relative positions of the two perchlorate 
i ons in an ion-triplet (Figure 20(b)). However, in order to mi nimize 
ionic repulsion and steric hindrance, the perchlorates ions would be 
expected to take the axial positions in the octahedral symmetry of the 
effective cation. 
At higher concentrations, first order ion-association becomes rel-
atively less and less important, and according to Figure 15 all salts 
would exist in the organic phase almost entirely as fully hydrated ion-
triplets (Figures 20(b) and 22) when the aqueous salt molality is 
72 
greater than 12 x 10-2 molal, because the calculated maximum entropy 
change due to second ion-association has been reached~-This, however, is 
not predicted by equation (4.J), because Onsager's limiting equation 
breaks down completely at high salt concentrations in the organic phase, 
where the dielectric constant is quite small. At the highest experinl,en-
tal concentrations and above, the exte~t of second order ion-association 
should approach the maximum (100%), so that the increase in the entropy 
of transfer should diminish, and the entropy curve should level off 
gradually. This is hardly seen in Figure 15, which is a useful plot 
for extrapolation at dilute salt concentrations. When one plots the 
entropy of transfer vs. the molality of salt in the organic phase 
(Figure 24), however, one indeed sees the predicted levelling behavior; 
at concentrations greater than 15 x 10-3 molal (corresponding concen-
tration in the equilibrium aqueous phase is about 12 x 10=2molal) 0 the 
levelling is practically complete. 
According to Figure 24, the maximum increase in the entropy of 
transfer is about 9 e.u. mole-1• This compares favorably with the 
theorectieally calculated value of 12 e.u. mole-1• Therefore, it can 
be concluded that the model is at least reasonable, though admittedly 
very roughc 
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CHAPI'ER VI 
CONCLUSIONS 
The high extraotibility of Ni(Cl04)2 1 Co(Cl04)2 1 and Cu(Cl04)2 is 
closely related to the fa.et that they oan be fully solvated by water in 
the 1-butanol phase. All three salts have been found to have many 
extraction properties in common; therefore, it may be concluded that 
the nature of extraction is essentially the same for all three salts. 
Extraction at very low concentrations appears to be simply the 
transfer of fully hydrated ions from aqueous to organic phases of high 
water content. At higher salt concentrations, the hydrated ions asso-
ciate into hydrated ion-pairs and triplets in hydrous butanol. The ion 
aggregate is formed as a result of the electrostatic attraction of the 
hydrated metal ion and one (or both) perch~orate ion (or ions). This 
liberates water molecules from the primary hydration sheath of the 
metal ions without disturbing the permanent hydration sheath. As a 
consequence 9 the cation and the perchlorate ion (or ions) of the ion 
aggregate are separated by a layer of very tightly bound water molecules 
(Figures 20 and 22). 
The gratifying success of the modified Born model in predicting 
-0 
the value of AHt lends support to the conclusion that the permanent 
hydration sheaths of the metal ions are similar in both aqueous ~nd 
t-butanol phases, and therefore, the spectra of the two phase solutions 
should be indistinguishable as is observed (37)& 
74 
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Because of ion-associations in the organic phase , the entropy of 
transfer increases as the salt concentration ·increases. This leads to 
an explanation of the increase in the extractibility of the perchorate 
salts with increase in concentration. However, the shape of the salt 
distribution curvesin dilute solutions can not be very simply related 
to the entropy and enthalpy of transfer alone, for the distribution 
coefficient is not determined by the equilibrium values of AHt or TA. St• 
These, of necessity, are equal to one another. 
Figure 25 is the distribution isotherm for Ni(Cl04)2 , which is 
representative of that for all three salts. Part I of the curve corres~ 
ponds to that part of the distribution isotherm for which there is ex-
tensive first order ion-association (except in the extremely dilute 
region) and practically no second order ion-association in the organic 
phase. A positive entropy of ion-association causes an increase in the 
entropy of t:r,,ansferi this in turn causes an increase in the extracti-
bility of Ni(Cl04)2 {same thing for the other salts). Therefore, the 
distribution curve is concave upward. In region II of the curve, both 
first order and second order ion-associations are important in the 
organic phase {except at the lower concentration end where the former 
is most important, and the upper end where the latter is predominant). 
Further increases in the entropy of transfer are agairi found. Corres-
pondingly, the distribution curve continues to be concave upward. In 
region III, the maximum second ion-association is reached. There is 
almost no first order ion-association left, and a large percent of all 
ions exist as hydrated ion-triplets (Figure 20{b) and 22). Further 
entropy increase is not possible. Consequently, the distribution curve· 
stops concaving upward and approaches linearity (Figure 25). 
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At the higher concentrations the isotherms still do not correspond. 
to constant values of the distribution coefficient as demanded by ideal 
behavior (Nernst distribution law), and this emphasizes again the com-
plexity of even such simple extraction systems as the ones chosen for 
this study. The study has demonstrated, however, that the thermodynamic 
behavior of such systems can be approximated by-el~ctrostatic models 
with reasonable success; this is encouraging for future work. 
CHAPI'ER VII 
SUMMARY 
The extraction systems of nickel(II), eobalt(II), and copper(II) 
perchlorates in the water-1-butanol solvent pair at 25° have been inves-
tigated over the aqueous phase concentration range from 0.01 to 0.18 
molal. It was found that the distribution isotherms for all three salts 
are quite similar, and apparent hydration numbers of the order of 30-50 
have been measured. 
Partial molal enthalpies of transfer, AHt, for all three salts at 
0 
distribution equilibrium and at 25.0 have been measured over the aqueous 
phase concentration range ~rom 0.02 to 0.13 molal. Corresponding 
entropy changes, .ti.St, have also been calculated from the condition that 
AGt = 0 at distribution equilibrium. Both aHt and ASt, when plotted 
against the aqueous phase salt concentration, were found to increase 
linearly with increasing salt concentration. Extrapolation to infinite 
-a dilution for each salt gave Alit values which are of the order of -9 to 
-10.5 kcal. mole~1 and .ti.s{ values which are of the order of -30 to -36 
I 
e.u. mole-1• When ~St is plotted against the organic phase molality, it 
is found that the curve increases approximately linearly with increasing 
salt concentration at low concentrations, but levels off at higher '.-salt 
concentrqtions. This is attributed to ion-association, since the entro-
py change for ion~association is usually positive. 
Conductances and viscosities for all three salts in both aqueous 
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Q 
and organic phas~s have been measured at 25.0 and at relatively low sal t · 
concentrations. Results show that these salts are completely dissociat-
ed in the aqueous phase, but that they are extensively associated :\Jl the 
I 
organic pha~e. The degree of ion-association at several concentrations 
has been calculated. The order of magnitude of the association cons-
tants was also obtained. 
A modified Born model has been proposed for the solvation of the 
three salts in the extraction phases. -0 Values of ~Ht were calculated 
theoretically and good agreement was achieved with experiment. With 
this and models for the ion-association, the entropies of the first and 
second order ion-associations were calculated theoretically, and found 
to compare favorably with experiment. 
First order i on-association is assumed to take place when a per-
chlorate ion is bound to an octahedrally hydrated metal ion by electro-
static attraction. As the consequence of the positioning of the per-
chlorate ion adjacent the highly hydrated metal ion, two water molecules 
are assumed displaced from the primary hydration sheath of the metal 
ion. Second order ion-association is considered to take place in a 
similar manner, except that as many as five water molecules are believed 
to be liberated from the primary hydration sheath of the metal ion. In 
both cases, the positive increase to the entropy of transfer mentioned 
above can be accounted for. Moreover, the general shapes of the. salt-
distribution curves and the entropy curves can qualitatively be explain-
ed by the models assumed. 
, . 
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APPENDIX 
A. Glossary 
Ce = concentration in equivalents per litre of solution 
D = dielectric constant 
e = electronic chage 
" G0, AH0, /\S0 B ' f 1 u u = orn s ree energy, entha py and entropy changes for 
the transfer of a mole of an ion from vacuum to a 
medium with dielectric constant D 
tiGt, AHt, ASt = integral free energy, enthalpy and entropy of transfer 
of a mole of a salt from aqueous to 1-butanol phases 
at extraction equilibrium , 
-o -o -o Mt, Alit, ASt = partial molal free energy, enthalpy and entropy of 
transfer of a mole of a salt from aqueous to 1-butanol 
phases at infinite dilution of salt, and at extraction 
equil.ibrium 
/}.Gt, .6.Ht, .6.St = partial molal free energy, enthalpy and entropy of 
transfer of a mole of a salt from aqueous to 1-butanol 
phases at extraction equilibrium 
I = molar ionic strength 
Kass = ion association constant 
N0 = Avogadro's number 
P = pressure 
r o<. = radius of ion o<. 
( ASass>1st = entropy change upon first order ion association 
(~Sass>2nd = entropy change upon second order ion association 
( b_S:ss>1st = entropy change upon first order iort association at 
infinite dilution 
( ~s:ss)2nd = entropy change upon second order ion association at 
infinite dilution 
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0 
T. 
X 
= temperature in degrees Kelvi.n~ 298©15 Kin most eases 
= volume fraction 
= charge on ion of.. 
= equivalent conductance of salt 
= limiting equivalent conductance 
= ionic equivalent conductance 
= limiting ionic equivalent conductance 
= ion concentration= 21 
= fraction of percplorate ions associated as ion-pairs 
= fraction of perchlorate ions associated as ion-trip]ats 
= viscosity 
= number of ions of kind o( in molecular formula of salt 
0 
density of aqueous solvent at 25.0 = o.9870gm. em.-3 
density of organic solvent at 25.d' ~ o.8Yl4gn1. cm.-3 
Aq - refers to aqueous solution (no butanol present) 
aq - refers to aqueous phase 
org - refers to 1-butanol phase 
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B. Evaluation of Dielectric Constants 
Dielectric constants of the equilibrium solvents (at zero salt 
0 
concentration) at 25.0 can be calculated using the equation (see ref8 
22) below 
(A.1) 
where the X's represent volume fractions of the solvent components and 
the D's the dielectric constants of the solvent components. 
0 
At 25.0 
density of H2o = 0.9970 gm. ml-1 
density of BuOH= 0.8058 gm. m1-1 
%20 = 78.54 
DBuoH= 17.1 
The dielectric constants of the two solvents are then calculated to be 
Daq = 73.06 
Dorg = 27.31 
The temperature derivatives of the dielectric constants can be 
evaluated by using equation (A.1) with the D's now replaced by aD/dT'so 
Since 0 at 25.0 
(~)Ho= -0.36175 dT 2 per degree Kelvin 
(~)Buon= -0.13193 per degree Kelvin 
dT 
therefore, (~)aq = -Oo3413 per degree Kelvin 
dT 
(~)org = -0.1701 per degree Kelvin 
dT 
The reliability of equation (A.1) can be tested by comparing the 
dielectric constant of a Bo%, (per cent in weight of ethanol) ethanol-
() 
water mixture at 20.0 (from p., 101 International Critical Tables, Vol. 
VI, McGraw-Hill, N. Y •• 1929) and the value calculated using equation 
(A.1) with the sub-index BuOH being replaced by EtOH: 
Calculated value 35.3 
Experimental value 34.1 
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It can be seen that the calculated value is slightly larger (by a fac-
tor of 1004). In the calculation of the degree of ion-association in 
the equilibrium organic phase, the value 1. 04 is taken as correction . 
factor, and the value used is Dorg = 26.3. -o In the calculation of AHt , 
however, the ••uncorrected" dieleptric constants are used, since corres-
ponding errors will cancel each other out. In any event, equation (A.1) 
gives dielectric constant which are satisfa:ctory for the purposes of the 
calculations mentioned, and any correction used would not change the 
results signifieantlyo 
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C. Onsager's Limiting Equations 
The general form of the ~sager•s limiting equat ion for the conduc-
, 
tance of a salt (46) is 
6 0 
A=/\_ [ 2.801 x 10 l Z1Z2I q J;:. + 
(DT)'J/2 ( 1 ;.q1 /2 ) 
41.2.5 (I z11 + I z2 t) J 1/2 
. "f\(DT)1f2 I , 
where, 
(A.2) 
Z1 = charge on the cation 
Z2 = charge on the anion 
A. = equivalent conductance of salt 
~ = limiting equivalent conductance of salt 
q = 
t Z1l + l 'Z2\ 
'f\. = viscosity of solvent (0.02816 poise for organic phase 
and 0.01184 poise for aq. phase) 
7\.. = limiting ionic conductance (94 cm.2 ohm-1 equiv.-1 for 
all three cations and .51.6 cm.2 ohm-1 equiv.-1 for Cl04 
in aqueous phase; J8.7 cm.2 ohm-1 eguiv.-1 f~r the 
cations and 17.4 cm.2 ohm-1 equiv.-1 for Cl04 in 
organic phase; 5.5 for co+2 and Ni+2 and 67 for ClOlj: in 
aqueous solutions containing no butanol; all at 2,5.0°) 
rt= (ionic strength)!= (1 • .5)t ct for the three perchlo-
rates salts 
On substitution of physical constants, the limiting equations are 
obtained as follows for the three perchlorates: 
(a) 0 0 in aqueous phase at 25.0 (298,15 K) 
I 
A= 94 - 130 Ct e (A.3) 
(b) in organic phase 
l:\.. = 38. 7 - 160 c? (A.4) 
• (c) in aqueous solutions (no butanol) for Co(Cl04)2 and Ni(Cl04)2 

D. First Order Ion Association in Organic Phase 
at 25.0° 
The first order ion association for Ni(Cl04)2 (b) can be repre-
sented by the equation 
( in solution). 
I£ o( is the fraction of perchlorate ions associated ( 2o(. is the frac-
tion of metal ions associated), then the observed equivalent conductan~ 
Aobs , is given by ( o , rJ.. -' 1./2.. ) : 
A obs =i\c104 (1-ol) + A,1a+2(1 ... 2o<.) + 7\NiCl04 (o(,) 
= (7\Ni+2 +i\c104 ) (1-0\) -o((7\N1+2 +I\Nic104 ). 
(A.6) 
Thus, using the equation corresponding to equation 3.78 of Monk's book 
(34), which is identical with the general equat:i,on (A.2) given in 
Appendix C, except that the J,.,.•s have been replaced by the ionic conduc-
tances and T1 is used instead of C9 ( !1 = ion concentration = 2! = 3Ce), 
one has the following limiting law equations for the equivalent con-
ductance in the organic phase 
I\ Ni +2 = 17 .4 - 49 .17 Pf 
r t 7\c104 = 21.3 - 43.26 
1 
AN1c1ot = 6.96- 19.92 r 2 
(A .. 7) 
(A.8) 
(A.9) 
(it is assumed that7\NiClO!:;: 0~47\Ni+2 ). 
Equation (A.6) then becomes 
A f 
Aobs = (38.7 - 92.4r 2 ><1-o<) ... o((24.4 - 69.1r ) 
(A.10) 
where r = 3Ce - 4Ce'(. 
The ion-association constant Kass (a), is given in terms of C0 and 
rJ... by 
Kass = [NiClot] / [Ni+2) [ Cl04} 
= (Cei) / ( 'fCe - CeO\) (Ce - Ceo( ) litre mole-1 
Notes: (a) Since only the order of magnitude is needed, activity 
coefficients have not been included in the calculation of 
Kass 
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(b) Equations derived are also good for Co(Cl04)2 and Cu(Cl04)2 
in the organic phase. 
E. Second Order Ion Association in Organic Phase at 25° 
Second order ion association can be represented by 
Ni+2 + 2c104 = Ni(Cl04)2 (in solution) 
When there is no ion-association, the equivalent conductance of 
Ni(Cl04)2 is given by 
.A.Ni(c104)2 = 38.7 - 16oci (Appendix C) 
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(A.12) 
When there is second order ion-association o~ly and if~ is the 
fraction of perchlorate ions (or metal ions) associated, then the 
observed equivalent conductance 1\.obs is given by (A~13) 
Aobs = ( 1-~) L'.38~7 - 16oj(1-~) ce] 
The second order association constant, Kass• is defined by 
Kass = [N1(Cl04)2]/ [N1+2J( c104] 2 
2 
or Kass =[ice~/ [ice (1-~ )] [ Ce (1-~ B (A.14) 
F, Enthalpy of Transfer , Born's Model 
According to Born, the free energy change for the transfer of a 
mole of an ion of radius rand charge Ze from vacuum to a medium with 
dielectric constant D, is given by 
2 2 
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!iGO = _ N,oz e ( 1- 1/D) (A.14) 
2r 
where, N0 represents the Avogadro's number, and e the electronic charge. 
From the Gibbs-Helmholtz equation the corresponding enthalpy change 
is given by 
= _ ~ o ( A Ge /T)p 
~ T 
= .,. T2 !T [ ( - N0 z2e2 / 2rT )( 1-1/D~ 
= -(N 0 z2e2 / 2r) [ 1 - (1/D)\) + (T/D)(dD/dT)}} 
If the species transferred is a mole of salt, then 
(A.15) 
AH O = (-N 0e2/ 2) ( ~ Vot._ z;_ /rrj., ) [ 1 - (1/D) [1 + (T/D"t,µJ/dT) }j 
(A,16) 
where, Zo( , re,(, represent the charge and radius of ion o( , and Yo( number 
of ions o( in the mol-,cular formula of the salt. 
The transfer of a mole of salt from the aqueous phase to 1-butanol 
phase will results in an enthalpy change Alft, given by 
AH~ = ( AH)org - ( A.HJaq 
= (N0 e2/2)( [Y,1,. z~/rrA ) fl (1/D)(.i+(T/D)tID/dT)]L ~ -.,.,rg 
- f (1/D)Q+(T/D}(ID/dT~]aq 
~10 Substituting e = 4.80 x 10 e.s.u. 
NO = 6,02 x 1023 mole-1 
(dD)aq = -0.)413 per degree Kelvin 
dT 
(~org = -0.1701 per degree Kelvin dT 
(A.17) 
= 73,06 
= 27.3 
0 
= 298.15 K 
and after conversions of units 
(D.Ht) = -4.313 (~V" Z~ / ro1, ), kcal. mole-1 
0 
providing ro<. is in A. 
Since AH~ refers to infinite dilution of salt, 
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(A.18) 
e -c -o A Ht = b Ht • (It should be known that A Ht is the partial 
....... - .. , ........ . 
molal enthalpy of transfer at extraction eguilibrium.) 
Thus, 0 at 2.5 .. 0 
-o . \'"',I l A8t = ...4.313 (~ Yot. zo\ I ro<. ) kcal. mole-1 
The ionic radii to be.used are as follows: 
C 
rNi+2 = 0.72 A 
. 0 
rco+2 = 0.74 A 
C 
rCl04 2t 2.28 A 
Cl 
r9u+2 = 0.69 A 
(A.19) 
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